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ABSTRACT

Functional jaw deformation is believed to be of significance in implant 

dentistry, particularly when using large implant-stabilised prostheses. This study 

investigated the hypothesis that such deformation could be modelled using finite 

element techniques.

Mandibular surface strain and three patterns of mandibular deformation (medial 

convergence, corporal rotation and dorso-ventral shear) were studied. Both strain and 

deformation were studied in-vitro using a dried mandible mounted in a rig which 

simulated natural function. Surface strain was determined using resistance strain gauges 

mounted on the dried mandible, whilst deformation was measured using custom- 

fabricated displacement transducers mounted on endosseous implants in the premolar 

region. Functional jaw deformation was studied clinically using similar transducers in 

five patients who had been treated with endosseous implants.

Both the dried mandible and the jaws of the patients who had been treated with 

implants were modelled using finite element techniques based on digitised CT scan 

images of the jaws. The contours o f the bone sections were traced on an acetate 

overlay, and calibration bars on each image used to scale and reference the outlines to a 

common origin. Tracings were digitised by means of a computerised image analysis 

system, and the transcribed data were stored electronically. The contour data of the 

sections were transformed using translator software written by EMRC (Engineering 

Mechanics Research Corporation, Troy, Michigan, USA) to coordinate points, and then 

read by the finite element program.
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The finite element model (FEM) was found to closely replicate both the surface 

strains and patterns of observed mandibular deformation. Differences between the 

predicted and measured deformation values were expressed as a percentage of the 

measured value and ranged between 3 and 18 %.

Medial convergence ranged between 9.0 and 57.8 pm. Dorso-ventral shear and 

corporal rotation ranged between 0.4 and 2.9 degrees. The predicted values of the antero

posterior shear ranged between 0.5 and 2.0 degrees.

The close agreement between the predicted and measured deformation values 

provided a high level of confidence in the finite element model and its ability to provide a 

deeper understanding of functional mandibular deformation.
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INTRODUCTION

The morphology of a bone is influenced by its mechanical environment and 

loading history (Lanyon 1987, Turner et al 1991). This also applies to the mandible, 

and several investigators have suggested that the adaptive response o f the primate 

mandibular symphysis to mechanical stress is reflected in its morphology (Hylander 

1979a, Dechow et al 1992).

Hylander (1984) postulated that at least three patterns o f stress and 

deformation occured in the primate symphysis. These are corporal rotation, 

symphyseal dorso-ventral shear and corporal approximation.

These patterns may influence the construction and performance o f intra-oral 

appliances, especially implant-stabilised prostheses which are linked to the jaw with 

relatively rigid interfaces. Although mandibular implant treatment has a high success 

rate, the long term clinical significance o f mandibular deformation on implant 

treatment is still unknown. The possibility that jaw deformation and the resulting 

stresses may be a source o f implant failure cannot be excluded.

Until recently, jaw deformation studies mainly focused on the measurement 

of medial convergence as it has proved difficult to measure other patterns o f  

deformation (DuBrul and Sicher 1954, Osborne and Tomlin 1964, Burch and 

Borchers 1970, Fischman 1976, Grant 1986, Hobkirk and Schwab 1991, Abdel-Latif 

1996, Horiuchi e r a /1997).

While intra-oral techniques provide a "gold standard" for measurements, 

they are complex and unsuitable for routine clinical use. This problem, however, 

may be overcome by modelling techniques, such as finite element analysis (FEA).
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The aims of this study were to develop a finite element model o f the human 

mandible and to compare the functional deformation predicted by the model with 

that detected clinically.

The differences between measured strain values and those predicted by a 

model depend on the accurate input o f geometrical relationships, material 

properties and boundary conditions (e.g. muscle forces) simulating the 

experimental environment.

These factors will be addressed in Chapter One, which also presents a review 

of the literature.

In Chapter Two, the measurement of mandibular deformation in normal jaw 

movement using custom-fabricated displacement transducers for both in-vitro and 

in-vivo studies is considered. This is followed by modelling the human jaw with 

similar implants in place and determining the deformation.

Chapter Three compares the deformation data derived from physical 

measurements and finite element modelling. This chapter also addresses the question 

of how changes in the model's parameters affect the discrepancy in the results o f the 

finite element model (FEM).

In Chapter Four, the results o f the study are compared to data available in 

the literature.

A general summary and fiirther recommendations for future studies are 

presented in Chapter Five.
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CHAPTER ONE
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AIMS AND OBJECTIVES OF THE PROJECT

1. Aims:

To study and compare functional mandibular deformation as measured clinically 

with that predicted using the finite element analysis technique.

2. Objectives:

a) To measure mandibular deformation during various jaw movements in five 

subjects treated with dental implants.

b) To develop a finite element model o f the mandible for each subject and use it 

to predict mandibular deformation.

c) To compare clinically derived deformation data with those predicted by the 

finite element model.

d) To establish whether the constructed finite element model could be used to 

study the multifaceted phenomenon o f mandibular deformation.
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1. Review of the literature and statement of the problem

1.1 Bone

Bone is a living tissue composed o f organic and mineral phases. It changes in 

structure when subjected to stress (Lanyon and Rubin 1984, Lanyon 1992).

A load-bearing and protective structure, bone is made o f dense compact bone 

and cancellous trabecular bone and is reinforced at points o f stress. It has an 

important role as a storage site for calcium salts. It houses and protects within its 

cavities the delicate, blood-forming bone marrow. The mineral phase o f the skeleton 

contributes about two thirds o f bone weight, while the remaining one third is an 

organic matrix that primarily consists of collagen and small amounts of 

proteoglycan, lipid and several non-collagenous proteins such as osteopontin, 

osteonectin and osteocalcin. Two major cell types are found in bone — the osteoblast 

and the osteoclast. The function o f the osteoblast is to synthesise the organic matrix 

components and direct the mineralisation process. Osteoclasts resorb the mineral and 

organic phases o f the bone. Together osteoclast and osteoblast, in a process known 

as coupling, remodel and maintain the skeleton throughout the life o f the organism.

The physical properties o f the mandible vary widely. These variations are 

apparent not only between subjects and generations, but can also be measured 

between the right and left sides o f the mandible. After its growth has stopped, the 

most important factor controlling its gross morphological shape is the presence or 

absence o f teeth. Following tooth loss, the mandible usually undergoes considerable 

remodelling which may significantly reduce the height o f the jaw (Neufeld 1958, 

Kingsmill 1997, Schubert et a / 1997).
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1.1.1 Dentate mandible

The mandible consists of four major parts, the left and right mandibular rami, 

and the left and right bodies. The alveolar process o f the body is the part of the 

mandible that contains the lower dentition. The junctions o f the rami and bodies 

occur at the gonial angles where the masseter muscles are attached. The pterygoid 

attachments are found at the gonial angle on the internal surface. The superior 

margin o f each ramus possesses both a mandibular condyle, or head, for articulation 

with the temporal bone at the temporomandibular joint, and the coronoid process for 

the attachment o f the temporalis muscle. The mandible articulates with each o f the 

maxillae by way o f their contained respective lower and upper dentitions.

The lower border o f the body is known as the base o f the mandible. It is thick 

and rounded in cross section and exhibits a slight downward convexity. Near the 

median plane it presents a small depression, the digastric fossa, which provides the 

insertion for the anterior belly o f the digastric muscle. Interiorly in the midline, the 

exterior surface o f the body displays a triangular, raised area known as the mental 

protuberance. This is depressed at the centre but raised on each side to form the 

mental tubercles. The internal surface o f each body is divided by an oblique ridge 

known as the mylohyoid line, which gives attachment to the mylohyoid muscles.

The mandibular condyles are strong articular processes which arise from the 

posterior border o f the rami and extend superiorly. Their antero-medial surfaces 

provide attachment for the inferior heads of the lateral pterygoid muscles, which run 

postero-laterally from their origins on the lateral surface o f the lateral pterygoid 

plates to their condylar insertions.

To provide a better understanding of regional structural anatomy, Schubert et 

al (1997) examined the anatomy o f the mandible by measuring the cross-sectional
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areas o f various regions o f 10 fully dentate hemi-mandibles. They stated that the 

cross-sectional area o f the cortex and spongiosa rami are relatively constant anterior 

to the inferior angle. They further concluded that this observation could facilitate 

computer modelling by reducing time, effort and the need to trace multiple sections 

at different sites. However, there are some méthodologie issues to be addressed. The 

first issue is whether the sample described in their study reflects the whole 

population, that is young, otherwise healthy patients. No demographic data such as 

age, sex or cause o f death were provided regarding the mandibles used in the study. 

The second issue concerns the sample size and analysis. It is not clear whether the 

10 hemimandibles used in the study came from five or 10 patients. Regarding the 

statistical analysis, the use o f the Students’ /-test was probably not appropriate and a 

paired /-test or another multivariate statistical tool might have been more suitable. 

Despite these methodological issues, the basic conclusion o f the paper, that is, that 

the cross-sectional area o f the mandible is small at one end, much bigger in the 

middle and small at the other end, probably remains valid.

1.1.2 Edentulous mandible

1.1.2.1 Patterns of bone loss

Both internal and external changes occur in the mandible after the teeth are 

lost (Walkhoff 1900, Neufeld 1958, Atwood 1962). During the initial healing phase, 

the sockets are filled with a blood clot in which woven bone develops, later to be 

replaced by cancellous bone. At the same time, new bone formation is seen deep to 

and some distance from the socket surrounding the inferior dental canal (Boyne 

1982), the crest o f the ridge narrows, and the sharp edges o f the alveolar processes 

are reduced (Atwood 1963, Pietrokovski and Massler 1967, Enlow et al 1966). As 

the bone is reduced in height by periosteal osteoclastic resorption, there is an
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accompanying endosteal apposition (Pudwill and Wentz 1975). At no time, 

however, is new bone formation seen on the periosteal surface of the ridge, which 

remains porous and never develops a complete cortical layer (Neufeld 1958, Atwood 

1962, Pudwill and Wentz 1975). Further, internal remodelling results in loss o f  

organisation and thinning of the trabeculae (Neufeld 1958) as well as disruption in 

the arrangement o f the lamellar and Haversian systems, as determined by the split 

line technique (Seipel 1948), and an increase in the diameter o f the Haversian canals 

in the cortex.

Most longitudinal studies o f the changes in the external form o f the bone 

have been carried out using measurements either from serial study casts 

(Pietrokovski and Massler 1967, Likeman and Watt 1974, Brehm and Abadi 1980) 

or from radiographs (Lonberg 1951, Atwood 1957, Tallgren 1957, Atwood 1962, 

Tallgren 1966, Carlsson and Persson 1967, Tallgren 1967, Woelfel et al 1976). 

These studies have shown that the loss in vertical height is greatest anteriorly 

(Lonberg 1951, Carlsson and Persson 1967). Little change is thought to occur in the 

region o f the superior genial tubercles, the mylohyoid and the external oblique 

ridges (Neufeld 1958, Osborne 1963). This has been attributed to these regions 

being composed o f cortical bone (Devlin and Ferguson 1991), though functional 

factors may have a greater influence.

In the horizontal plane, the majority o f the bone loss occurs from the buccal 

aspect in the upper jaw resulting in the palate reducing in width and length as well as 

in height (Fish 1947, Likeman and Watt 1974). The situation is more complex in the 

mandible with the majority of loss occurring from the labial aspect anteriorly and 

from the lingual aspect posteriorly (Fish 1947, Watt and MacGregor 1986), although 

some resorption is also seen buccally (Pietrokovski and Massler 1967, Pietrokovski
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1975, Enlow et al 1976, Wang 1989). In a cross-sectional histological study o f 15 

mandibles exhibiting various stages o f tooth loss, Enlow et al (1976) described 

variations in the areas o f surface resorption and apposition in the different 

mandibles, concluding that the resorptive and depository areas are similar to those 

present during growth. This conclusion agrees with the findings o f a longitudinal 

radiographic study spanning a period o f 25 years (Tallgren 1972), which showed 

that the interindividual pattern o f bone loss remains fairly constant, yet that there is 

interindividual variation in both the pattern and rate o f loss.

1.1.2.2 Rate and duration of bone loss

Most o f the bone loss occurs in the first year after extraction, with the highest 

rate o f loss occuring in the first few months (Atwood 1957, Tallgren 1966, Carlsson 

and Persson 1967, Likeman and Watt 1974). However, bone loss from the mandible 

can still be detected up to 25 years postextraction. It slows down much sooner (or 

even ceases in some individuals) in the maxilla (Brehm and Abadi 1980), which 

shows on average one quarter o f the reduction of the mandible after a period of 

seven years (Tallgren 1966, Kalk and de Baat 1989).

Devlin and Ferguson (1991) suggested that the reduction in the rate o f bone 

loss was due to the resorbing ridge losing contact with the base o f the denture, which 

would therefore no longer be subjected to unfavourable loading. This is rather 

unlikely; not only did Tallgren (1966) show this pattern o f loss in patients with well 

maintained dentures, but even poorly fitting dentures must make contact with the 

underlying tissues in some regions. In addition, if  the dentures were thought to be 

the cause o f the resorption, then the resorbed ridge presumably would conform to 

the shape of the fitting surface o f the denture and hence they would not lose contact 

with each other.
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1.1.23 Extent of mandibular bone loss

Many texts describe the bone that is lost after extraction as being that which 

formerly belonged to the alveolar processes (Roth and Calmes 1981), but since the 

alveolar bone is arbitrarily taken as ending at the root apices (Berkovitz et al 1992) 

its delineation is lost once the teeth are removed.

In radiographic studies the division between alveolar and basal bone is 

usually taken as lying at the level o f the mental foramen, being the most readily 

visible landmark (Wical and Swoope 1974, Ward et al 1977, Kribbs et al 1983, 

Packota et al 1988, Ortman et al 1989, Benson et al 1991, Hirai et al 1993), but the 

mental foramen has no direct relation to the teeth and in radiographic projections 

may lie inferior or superior to the root apices. In addition, identifying the mental 

foramen and inferior dental canal becomes increasingly difficult in resorbed 

mandibles (Ulm 1989), especially as in advanced cases the canal may be exposed by 

the resorptive process (Gabriel 1958, Gershenson et al 1986).

Inke (1972) claimed that it was possible to see the border between alveolar 

and basal bone in the form of a ‘baseoalveolar sulci’. Unfortunately the communic

ation only shows exaggerated diagrams o f the sulci, which probably otherwise 

would need a strong eye o f faith to see. Yet, the sulci may relate to positions o f 

muscle insertions or to the limits o f the attached gingiva, both o f which have been 

taken as a functional-anatomical division between alveolar and basal bone (Moss 

1972, Kalk and de Baat 1989). Of the two explanations, the latter accounts better for 

the different levels o f loss that are seen around the mouth. The former is complicated 

by the fact that the muscle attachments are not fixed landmarks, with clear changes
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having been noted for the mentalis and buccinator muscles as the ridge recedes 

(Lammie 1956, Osborne 1963).

This issue has not been simplified by the confiision o f terms used in 

connection with the bone that surrounds the teeth. The alveolar bone proper (the 

very thin cribriform plate which immediately abuts the periodontal ligament and 

gives rise to the radiographic appearance o f the lamina dura), which completely 

disappears shortly after tooth extraction, is not always distinguished clearly from the 

rest o f the bone o f the alveolar process (Becks and Grimm 1945). To help overcome 

the problems in terminology, Edwards (1954) introduced the use o f the phrase 

‘residual ridge resorption’ to encompass all the changes that accompany bone loss 

after tooth extraction. In 1928, Brash stated that there is ‘no essential difference 

between alveolar bone and the bone o f the base, because the former becomes 

progressively transformed into the latter’, yet several points remain unexplained: 

Why do some parts o f the mandible undergo such profound reduction after tooth loss 

whilst neighbouring regions show little change? Why does the mandible exhibit 

greater loss than the maxilla, and why do some individuals lose more bone volume 

than others?

Many factors, both local and systemic, have been put forward as potentially 

having an influence on the postextraction resorption o f the mandible (Wical and 

Swoope 1974, Ward et al 1977, Kribbs et al 1983, Packota et al 1988, Ortman et al 

1989, Benson et al 1991, Hirai et al 1993, Hsieh et al 1995). The potential 

functional factors affecting bone loss will be discussed in the following section.
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1.1.2.3.1 Functional factors affecting mandibular bone loss

Since the beginning o f the 20^ century, many investigators have attributed 

the changes in the edentulous mandible to the changing function o f the bone 

(Walkhoff 1900, Levin 1913, Seipel 1948, Ortman 1962), but it is only recently that 

the relationship o f mechanical function to bone quantity and quality is becoming 

better understood (Rubin and Lanyon 1984, Skerry and Lanyon 1993). Neufeld 

(1958) described the changes that occur in the remodelling o f the edentulous 

mandible as mimicking the effects o f disuse osteoporosis, and some features, such as 

the increase in cortical porosity and the trabecular thinning, are common to both. 

Disuse osteoporosis, however, is usually accompanied by endosteal resorption with 

little in the way o f change in the external diameter o f the bone (von Wowem and 

Stolze 1979, Takahashi 1987, Ruff and Hayes 1988) and ceases when the new 

equilibrium has been established (Devlin and Ferguson 1991), whereas the 

resorption o f an alveolar ridge is continuous and shows bone apposition on the 

endosteal surface. Overall, the ridge decreases in size. Further, no relation between 

cortical porosity and the presence or absence o f teeth has been found (Atkinson and 

Woodhead 1968).

It is obvious that many functional changes occur upon the loss o f the teeth, 

both in the source and the magnitude (Sobolik 1960) o f the applied strains, as well 

as in the way they are transmitted to the bone (Ortman 1962). Bite forces decrease 

considerably with a reduction in the number o f teeth (HeUdmo et al 1976), and 

patients with dentures can only apply one eighth of the force produced by patients 

with natural teeth (Sobolik 1960, Ortman 1962). The wearing o f dentures has been 

cited as both the cause (de Van 1935, Carlsson and Persson 1967) and the means of

prevention (Mauley and Stuart 1937, de Aguiar et al 1968) o f residual ridge
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resorption, although bone loss is observed whether dentures are provided or not 

(Campbell 1960).

In the past, tension and shearing loads produced by dentures, with a poorly 

balanced occlusion, were thought to have the most detrimental effect upon the 

underlying residual ridge. The design was modified to reduce lateral loading by the 

use o f teeth Avith flatter cuspal inclines and by discouraging incision (de Van 1935, 

Sobolik 1960). However, studies have shown the style of denture teeth to have little 

effect upon subsequent resorption (Brehm and Abadi 1980). A five-year study 

showed the opposite effect to that anticipated, with those in which more shearing 

loads would be expected showing less resorption (Winter et al 1974). Atwood 

(1979) attributed this paradox to the great variation that occurs between individuals, 

but it is known from studies o f long bones that the applied loads that are most 

osteogenetic are those that are applied at high strain rates, are o f short duration and 

are unusual in their loading characteristics (Lanyon 1992).

The nature o f the application o f loading is o f importance in the maintenance 

of bone mass. In 1958, Applegate described an exercise appliance for the edentulous 

ridges o f partially dentate patients. The appliance consisted of a close-fitting, well 

extended resin saddle that covered the edentulous areas. The patients placed their 

fingers on the distal extension saddle prior to biting repeatedly for a few minutes 

each day (the use o f the fingers was advocated so that the patients would avoid 

biting too hard). It was shown that after an initial decline, which lasted for a couple 

of weeks, this procedure increased the radiographic density of the bone in the area. 

The density reached a maximum at around 12 weeks o f stimulation (Applegate 

1958). No statistical analysis was described, but a particularly favourable response

was reported for young patients and for those who had experienced only a short
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period o f edentulousness. The differences that may exist between younger and older 

individuals may be due to age changes affecting the quality o f the overlying soft 

tissues, the bone and the vasculature.

Of the many factors studied by Tallgren (1972), only one was found to 

correlate with the magnitude o f bone loss. She noted that patients with a more acute 

gonial angle (as may be more frequently associated with patients with a small lower 

face height) showed a significantly greater amount of resorption compared with long 

faced individuals. People with different face heights have differently shaped 

musculatures (Mosolov 1972). Individuals with small lower face height are able to 

generate significantly higher bite forces than people with longer faces (Moller 

1966). Klemetti et al (1994) found the size o f the masseter to correlate with the bone 

density o f the basal parts of the mandible as well as with the bone mineral content of 

the femoral neck and lumbar spine.

Functional loads and the way they are applied play a great role in the 

reshaping o f the mandible after tooth loss, and many factors in addition to the nature 

and pattern o f loading may affect or interfere with the response o f bone to functional 

strain. Alterations in functional loading are unlikely to be the sole explanation for 

the reduction o f residual ridges, otherwise bone changes would not occur at the 

insertions o f muscles o f facial expression (Lammie 1956), which might be expected 

to undergo little reduction in function upon becoming edentulous.
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1.2 Mandibular functional deformation

1.2.1 Types of mandibular deformation

Considerable attention has been focused on the morphology of the hominoid 

mandibular symphysis (Andrews 1971, Hylander 1975, Hylander 1979a,b, Hylander 

1984, Hylander et al 1998).

The fused ossified symphysis has to withstand bending, torsional and shear 

stresses during various mandibular functions and its cross-sectional shapes seem to 

be well adapted to this purpose (Hylander 1975).

In a detailed study, Hylander (1984) described six patterns o f stress in the 

primate symphysis which may occur simultaneously (Figure 1):

Symphyseal bending arising from medial transverse bending of the 

mandibular corpora (medial convergence), i.e. the inward movement o f the two 

halves o f the mandible. This stress pattern was associated with the activity o f the 

lateral pterygoid muscles, which, by virtue of their antero-medial direction o f pull, 

cause the two halves o f the mandible to be pulled together (Grünewald 1921, 

DuBrul and Sicher 1954, Hylander 1984).

Symphyseal bending owing to lateral transverse bending of the 

mandibular corpora is thought to result from the tendency of the balancing side 

jaw muscles to spread the mandibular corpora apart during unilateral mastication.

Symphyseal dorso-ventral shear. The relative movement o f the two halves 

of the jaw in the vertical plane. This is thought to occur during unilateral 

mastication owing to the vertical component of muscle forces on the balancing side 

(Hylander 1975, Beecher 1977).

Symphyseal antero posterior shear. The relative movement o f the working 

side o f the jaw anteriorly and the balancing side posteriorly. Hylander (1975)
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concluded that this might occur because o f the pulling action by the temporalis 

muscle. In 1977, Beecher hypothesised that this might occur in primates and 

suggested that the shear was attributable to the horizontal component o f the force o f 

the balancing side musculature.

Symphyseal bending associated with twisting of the mandibular 

corpora. Beecher (1977) stated that the rotation of the two halves o f the body 

around their long axes occurred during powerful chewing. He postulated that the 

outward pull o f the temporalis upon the extended lever arm of the coronoid process 

would result in an outward swing o f the upper border o f the mandibular body with 

rotation o f the body around its long axis. Similarly, a tendency to rotation in the 

reverse direction might be caused by the masseter exerting an upward and outward 

pull on the lower border.

Symphyseal twisting around the transverse axis of the symphysis. 

Hylander (1984) stated that the mandibular symphysis is twisted during powerful 

mastication. Thus there is a tendency for the working side o f the mandible to be 

depressed while the balancing side is elevated. This results in the twisting o f the 

symphyseal midline about a transverse axis.
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Fig 1. Jaw deformation: 1) corporal approximation 2) corpora! rotation 3) dorso-ventral shear 4) antero-posterior shear.



1.2.2 Clinical significance of jaw deformation

Since osseointegrated implants are effectively ankylosed, jaw deformation 

may allow transmission o f considerable stress to the implant / bone interface in cases 

where implants are connected to a rigid superstructure. The clinical significance of  

jaw deformation may be o f relevance to the technique of providing osseointegrated 

implants in the following respects:

1. There have been anecdotal reports of pain associated with large implant 

superstructures being relieved by their sectioning in the midline (Gates and Nicholls 

1981).

2. As was stated by Gates and Nicholls (1981), jaw deformation could be a 

problem during impression making; an impression taken with the mouth wide open 

may not fit passively in other jaw positions. The basis o f concern is that deformation 

may result in an ill-fitting superstructure or the creation o f harmfiil strains in the 

patient / implant complex. It has been speculated that excessive loading o f the bone / 

implant interface can cause bone resorption. The forces required to achieve this are 

not known (Meijer et al 1993a, b).

3. Jaw deformation may be partly responsible for the occasional loosening of 

implant-supported superstructures. This could be caused by increased cyclical non- 

axial loading o f the screws during function.

4. Jaw deformation may be associated with the fracture o f the metal 

superstructure and retention screws, indicating that considerable loads were being 

exerted on the prostheses during mastication (Fischman 1976, Gregory et al 1990).

Although mandibular implant treatment has a high success rate, the long term 

clinical significance o f mandibular deformation is still unknown. The possibility that
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jaw deformation and the resultant strains may be a source o f implant failure, or 

enhance the osseointegration, cannot be excluded.

1.2.3 Measurement of mandibular deformation

Strain-measuring techniques include coating methods, optical methods, 

ffozen-stress analysis and the use of electrical resistance strain gauges. They have 

been applied to either in-vitro or in-vivo experimental stress analyses of the mandible.

1.2.3.1 Coating methods

Coating methods used in stress analysis include the brittle and photoelastic 

coating techniques.

1.2.3.1.1 Brittle coating technique

A brittle coating fails by cracking when the stresses in it exceed the threshold 

value (Dally and Riley 1991). In 1956, Sharry et al imposed artificial static loads to 

complete lower dentures on dry jaws. The resultant strain patterns indicated that 

forces transmitted by dentures to the bone were not limited to the residual alveolar 

ridges and seemed to be related to torsion stresses acting on the mandibular corpora. 

In a similar study, the same authors observed cracks indicative o f tensile strains which 

were oriented horizontally on the lateral portion in the molar region of the corpus and 

directed vertically at the anterior symphyseal region (Sharry et al 1960). Whereas the 

former crack patterns suggested torsion o f the corpus around its axis, the latter 

patterns were induced by a medial convergence of both mandibular rami and 

confirmed DuBrul and Sicher’s findings (1954). In this study, however, the 

application o f the brittle-lacquer technique proved to be extremely sensitive to 

humidity and was restricted by its inability to indicate compressive strains. Hence, 

this coating method provides limited qualitative information regarding the location of 

tensile strains, and is restricted to in-vitro experimentation only.
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1.2.3.1.2 Photoelastic coating

In the photoelastic method described by Dally and Riley (1991), a transparent 

non-crystalline material that is optically isotropic when free o f stress becomes 

optically anisotropic and displays characteristics similar to crystals when under stress. 

These characteristics persist while loads on the material are maintained but disappear 

when the loads are removed. The method of photoelastic coating has many 

advantages over other methods o f experimental stress analysis. The method is non

destructive, and since the coatings can be applied directly to the structure, the need for 

models is eliminated. It enables the investigator to visualise the distribution o f surface 

strains. As in the majority o f experimental stress methods, its main disadvantage lies 

in its inappropriateness to analyse strain under in-vivo conditions. The method is, 

however, useful in converting complex non-linear stress-analysis problems in the 

structure into relatively simple linear elastic problems in the coating. In the case of 

the lower jaw, the anistropic response o f cortical bone, for instance, could be 

examined in terms o f the isotropic response of the coating (Dally and Riley 1991).

Mongini et al (1979) applied a 1.5 mm thick layer o f photoelastic resin on 10 

mandibles and adhered to their surfaces an opaque powder to make the surfaces 

reflect polarised light. They observed an apparently consistent qualitative pattern of 

isostatic flow lines. Whereas one group o f lines roughly corresponded to the 

prolongation o f the condyles and spread downward and forward along the ramus, the 

second group o f isostatic flow lines seemed to form a reticular pattern in the corpus 

region. However, the investigators failed to link the presence o f these distribution 

patterns o f strain to stress-evoking deformations o f the jaw.
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1.2.3.2 Optical methods

1.2.3.2.1 Holographic interferometry

A hologram is a three-dimensional photograph. Well-defined laser light 

creates the hologram, which consists of a glass plate or film covered with a 

photographic emulsion o f high resolution and sensitivity. To detect surface alterations 

on a given structure, a double exposure hologram is taken at a specific orientation. If 

deformation occurs, it will be recorded in the form of black interference fringes on the 

hologram (Dally and Riley 1991).

Although it has been suggested that holography is relatively unaffected by 

variables such as loading, temperature and moisture (Dirtoft 1987), some investigators 

found that in working with less powerful laser lights, the necessary long exposure 

time eventually led to evaporation o f moisture and hence gave false results (Fuchs and 

Schott 1973). Also, since holography only allows for a qualitative appraisal o f 

deformation and this deformation depends on the three-dimensional orientation and 

shape o f the structure, it is not surprising to find relatively vague descriptions o f the 

deformation o f bone, which has a very complex structure (Ferré et al 1985a, b).

1.2.3.2.2 Frozen stress photoelasticity

The difference between the frozen stress photoelastic model and the 

photoelastic coating technique mentioned earlier lies in the solid photoelastic 

composition o f the former. The deformations and the associated optical responses are 

locked (i.e. stress-frozen) into a loaded three-dimensional model. Once the stress- 

freezing process is completed, the model can be sliced and photoelastically analysed 

to obtain information about internal stresses, which otherwise is not possible from 

photoelastic coatings.
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Ralph and Caputo (1975) and Standlee et al (1981) built three-dimensional 

solid photoelastic models o f human mandibles to analyse their interior stress patterns. 

Their results showed the presence o f distinct stress trajectories which were 

specifically related to the occlusal tasks involved. However, the unrealistic 

representations o f boundary conditions led to false outcomes. The only forces acting 

on the jaw were the loads applied directly to the teeth. Therefore, in wrongly 

representing active masticatory muscles as rigid restraints, their different patterns o f  

activity were neglected and fallacious force relationships at the mandibular condyles 

were obtained.

1.2.3.3 Strain gauges

Four types o f gauges are available for the measurement o f strain: mechanical, 

optical, a coustic and electrical. Electrical-resistance strain gauges are widely used in 

stress-analysis work. A thorough review of the fundamentals o f resistance strain 

gauge technology and its applications can be found in Dally and Riley (1991). The 

general principle o f this technique can be summarised as follows: Strain gauges are 

small foil or wire grids of known resistance which, when directly attached to a 

surface, deform under an applied load in the same (expected) way as the structure to 

which they are bound. These deformations result in resistance changes in the gauge 

material and hence the changes in the current passing through the gauge element as it 

deforms can, with an appropriate calibration, be converted into deformation or strain. 

Each strain gauge element is directional in its sensitivity, responding to deformation 

in the same direction as the orientation o f the wire grid.

Many researchers have developed methods to measure mandibular 

deformation using strain gauges. Medial convergence has attracted most attention due 

to the relative ease with which it may be measured intraorally.
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In attempting to quantify the decrease in mandibular arch width on wide 

opening o f the mouth, McDowell and Regli (1961) used a caliper on which a dial 

gauge was arranged. This method was considered to be subject to variation and the 

experiment was repeated by Osborne and Tomlin (1964).

Osborne and Tomlin (1964) fitted cap splints bilaterally to the lower molars 

and connected a transducer between them. They reported an average reduction o f 70 

pm in width in maximum opening, and an average reduction o f 90 pm in maximum 

protrusion. Their method was very restrictive o f tongue movement, but they 

confirmed that medial approximation o f the two halves o f the mandible occurs during 

forced opening and protrusive actions.

Because o f the restrictive effect o f the apparatus used by Osborne and Tomlin 

(1964), similar experiments were carried out by Burch and Borchers (1970), but the 

apparatus they used was cemented to one tooth only on both sides o f the mandibular 

arch. Burch and Borchers (1970) recorded a mean decrease of 438 pm in the distance 

between the lower first molars at maximum opening, and a mean decrease of 610 pm 

in protrusion. This decrease in arch width was not retained while the maximum 

opening and protrusive positions were maintained. Possible explanations for this 

might include tooth movement, failure o f the beam cementation and distortion in the 

strain gauge cementation.

Gates and Nicholls (1981) used a light-sensing photo diode fibre-optic 

measuring system to measure mandibular arch width changes, in conjunction with a 

linear variable differential transformer (LVDT) mounted extra-orally to measure the 

degree o f opening and protrusion. Measurements were made on 10 subjects (all men). 

Mandibular distortions during opening and protrusion were recorded. The values for 

opening ranged from 0 to 300 pm and were consistent with those reported by Picton
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(1962), Regli and Kelly (1967), Osborne and Tomlin (1964), and Goodkind and 

Heringlake (1973). The values for protrusion ranged fy'orn^OO to 500 pm and were in 

line with those reported by Osborne and Tomlin (1964). The amount of distortion 

during protrusion was consistently larger than that for opening. Factors such as 

sample size, measuring errors, differences in the methodology as well as variations in 

masticatory muscle activity between the subjects tested could account for the large 

range o f results in the various investigations.

To properly measure mandibular arch width m-vivo, the measuring apparatus 

should be attached firmly to hard, immobile tissues with little or no resistance to 

displacement. Using the mandibular bone as the anchor would have required surgery, 

so the mandibular implants were chosen as the anchorage units (Hobkirk and Schwab 

1991, Abdel-Latif 1996, Horiuchi et al 1997).

Hobkirk and Schwab (1991) and Abdel-Latif (1996), in an attempt to 

eliminate the cushioning effect o f the periodontal ligament and to benefit from the 

rigid fixation o f implants, measured mandibular deformation in edentulous subjects 

with osseointegrated implants on which intra-oral transducers had been mounted. 

Force transmission between implants was measured using a steel-ring gauge bearing 

temperature-compensated foil strain gauges, and medial convergence with a linear 

variable differential transformer (LVDT) and a strain gauge beam. Hobkirk and 

Schwab (1991) showed medial convergence o f up to 420 pm and force transmission 

of up to 16 N between the implants as a result o f jaw movement from the rest 

position. Recorded deformation fell well below measurements in previous studies on 

dentate subjects. The authors suggested that as the flexure o f the mandible occurs at 

the symphysis, and as their measuring devices were situated nearer to the symphysis
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than in previous studies, the measured deformation would be smaller. They did not, 

however, suggest ways in which this difficulty might be overcome.

The deformation and force transmission readings recorded might also be 

considered as minimum values since the possibility cannot be excluded that higher 

values might have been obtained if less rigid beams had been employed. The 

thickness o f the beam was selected somewhat arbitrarily as no previous information 

was available in this respect.

Abdel-Latif (1996) suggested the use o f a three-dimensional, computer-based 

technique rather than a mechanical model to study mandibular deformation, noting 

that it was not feasible to mount, simultaneously, several transducers on the lower 

jaw.

1.3 Biomechanical considerations for modelling

Several analogies between the mandible and known mechanical systems have 

been put forward. It has been suggested that the jaw works as a link (Wilson 1920, 

1921, Robinson 1946, Gingerich 1979), as a couple system (Moyers 1950, Turnbull 

1970, Roberts and Tattersall 1974) or as a lever (Gysi 1921, Seitlin 1968, Hylander 

1975, Smith 1978, Druzinsky and Greaves 1979).

Laws o f static and rigid body mechanics can be applied to the lower jaw if the 

mandible is at rest or moving at a constant speed during feeding (Weijs 1980). To 

fulfil the requirements o f static equilibrium, the sum of all forces and moments around 

a pivot (centre) must always be zero. In such a biomechanical system there are

usually three groups o f forces in play. The first group o f force-variables includes the 

anatomical and physiological data o f possibly all masticatory muscles. The second 

and third groups deal with the direction and magnitudes o f the reaction forces to these 

muscles at the bite points and joints (Douglas 1996).
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Based on applied engineering mechanics, force systems have been classified 

into four groups, the solutions o f which differ according to their differing 

characteristics (Popov 1978, Jensen and Chenoweth 1983). When the action lines o f 

all the forces o f a system intersect at a common point, the system is said to be 

concurrent. Conversely, when the action lines do not intersect at a common point, the 

system is non-concurrent. When all forces o f a system lie in one plane, the system is 

said to be coplanar. Conversely, when they lie in more than one plane, the system is 

said to be non-coplanar.

1.3.1 Link theory

This theory, which considers the mandible as a rigid link, is based on three 

assumptions. First, that the mandible is suspended by the muscles attached to it and 

that the resultant force o f these muscles acts in perpendicular and parallel lines 

directly upon the teeth. Second, that the condyles cannot act as fulcra because they 

articulate vrith inclined surfaces and in this sense are not capable o f maintaining 

stability. Third, that during mastication the forces generated by the muscles are fully 

and directly connected to the force generation at the teeth with little or no condylar 

reaction force. In this sense, the mandible acts only as a connector between muscles 

and teeth. Hylander (1975) demonstrated that the main deficiencies o f these 

assumptions were related to the limited use o f the lateral plane for analysis, and the 

incorrect assumptions o f jaw muscle activity during certain biting tasks. Although 

analysis o f the masticatory apparatus solely in the lateral projection is probably 

appropriate for symmetrical biting activities such as incisior or bilateral molar biting, 

such an analysis may provide incorrect information o f the mechanics o f the system for 

asymmetrical biting tasks (Gysi 1921). For these activities, the analysis could be best 

done in the frontal (Hylander 1975, Smith 1978) or horizontal (Druzinsky and
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Greaves 1979) planes, where an assumed combined (resultant) muscle force passes 

between the bite point and the non-working (balancing) condyle at a point closer to 

the working side. To comply with static equilibrium, all forces and moments acting on 

the system must be zero, and since the distance from the muscle resultant to the 

balancing condyle is bigger than to the working condyle, a greater compressive 

reaction force must be acting on the balancing condyle (Gysi 1921, Hylander 1975). 

Therefore, the jaw would not act as a simple link between muscles and teeth during 

unilateral biting activities, but would actually impart a reaction force to the condyles 

in the form o f a lever.

1.3.2 Couple theory

The couple theory assumes that muscles interact to eliminate forces at the 

joints. This would imply some type o f coupling ’coordination' action between the 

force produced by the temporalis on one hand and the pterygo-masseteric complex on 

the other. The term 'couple' suggests a pair o f forces that have the same magnitude, 

parallel lines o f action and opposite senses (Beer and Johnston 1988). Here, the sum 

of the components o f the two forces in any direction is zero. The sum of the moments 

of the two forces about a given point, however, is not zero. Hence, while the two 

forces will not translate the body on which they act, they will make it rotate. Since the 

resultant force-vector diagrams o f the temporalis and the masseter-medial pterygoid 

muscles do not satisfy this condition, these muscles do not form force couples by 

definition (Smith 1978). Also, the analyses that support this theory ignore the 

presence o f vertical force components. If the antero-posterior effects owing to the 

combined action o f the temporal, masseter and medial pterygoid muscles act on the 

teeth while the jaw is being elevated, the generated vertical tooth resistance would 

also have to be restricted at the condyles in order for the system to rotate around the
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joints. Although the couple theory has fundamental deficiencies, it is conceivable that 

some sort o f force minimisation at the joints may occur during the functioning o f the 

mandibular system (Gysi 1921). Experiments had already demonstrated that the jaw 

changes in leverage during unilateral occlusal loading (Wilson 1920). If the jaw 

changes from working as a class III lever to a class II lever, then the point of 

transition is supposedly a point o f equilibrium where the resultant muscle is fiilly 

counteracted by the generated bite force with no condylar reaction forces. Hence, the 

jaw may act as a link during that particular instance. Some studies have been able to 

indicate the presence o f such hypothetical equilibrium points in the premolar area 

(Wilson 1921). These analyses, however, assumed constant muscle activities for 

different tooth contact positions, an assumption which has been experimentally 

dismissed by several investigators (Reiser and Hannam 1985). It is nevertheless 

theoretically possible that the jaw system activates its musculature selectively in order 

to decrease the joint load. Whereas the jaw muscles on the working side could be 

highly active for a given unilateral chewing force, the balancing side muscles could 

produce a low degree o f activity. If this were the case, then the loads at both condyles 

could conceivably be low and probably uniform in magnitude (Throckmorton et al 

1990).

13.3 Lever theory

If a point on a rigid structure becomes fixed at any time during movement so 

that the rest o f the structure moves about it and changes the direction o f the motion, 

the structure becomes a lever and the fixed point a fulcrum (Jensen and Chenoweth 

1983). If an articulating joint is fixed by muscle action at any stage o f its motion, it 

then becomes a fiilcrum for lever action as if  it were a rigid anatomical structure (Gysi 

1921, Seitlin 1968, Hylander 1975, Smith 1978, Druzinsky and Greaves 1979). In a
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lateral view o f the mandible, if  the fulcrum axis corresponds to the joints and the 

external muscular force is applied between the fulcrum and the anterior bite location, 

the mandible is said to act as a class III lever (Figure 2). If the bite is located between 

the fulcrum and the muscle force resultant, the jaw will act as a class II lever (Figure 

2). If the muscle resultant acts on the mandible and its alignment coincides with the 

location o f the biting contact, then the jaw is in equilibrium with no condylar reaction 

forces. In this case, the mandible acts as a link (Gingerich 1979).

Gysi (1921) demonstrated that the human mandible behaved as a class III 

lever during symmetrical biting tasks such as in incision or bilateral premolar biting, 

and that during unilateral asymmetrical biting activities the mandible acted as a 

compound leverage system o f class II and III levers. His modelling experiments 

showed a non-linear increase between the bite force and its position in the dentition. 

For constant muscle forces, the bite force tended to rise at more posterior tooth 

locations. However, Gysi also noticed that the jaw changed from a class III to a class 

II lever when the biting location moved posteriorly behind the second molar on the 

working side. Hylander (1978) designed a series o f experiments involving incisal 

biting in humans to test whether the mandible functions as a lever. If the jaw were to 

function purely as a link, the direction o f maximum bite force should be orientated in 

line with the direction of pull o f the temporalis muscle. His results showed that the 

incisal bite force was oriented in a more perpendicular direction to the line o f action 

of the temporalis and therefore had to act as a lever during incision. Several adaptive 

changes in craniofacial geometry and muscular activity could account for a 

theoretically more efficient masticatory system by increasing the ratio o f the muscle 

resultant arm to the bite arm. These changes include the narrowing o f the dental arch.
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the broadening of the intercondylar distance, and a selective activity of the working 

and balancing jaw musculature (Gysi 1921, Hylander 1978).
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Figure 2. The mandible functioning as a class III lever. The mandible (M'), 
condyle assembly (F'), closing muscles of mastication (W ), load (L') 
represent in order a rod (M), fulcrum (F), force (W) and load (L).
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1.4 Computer assisted models

Static analysis of a mechanical system in three dimensions requires that six 

linear equations (three force and three moment equations) are solved simultaneously.

The complexity o f the solution o f such a mechanical system is directly related 

to the amount of variables under consideration. The large number of variables acting 

during the bite force generation could be analysed by making an equal number of 

simultaneous direct measurements.

The development o f computer technology offered the possibility o f quickly 

and efficiently performing the high amount o f calculations involved during static 

equilibrium in a complex system. Nevertheless, irrespective o f the theoretical 

approach used to solve the jaw system, there were many more unknown variables than 

equilibrium equations, and this precluded a unique solution to the equilibrium 

equations (Weijs and Dantuma 1981). Depending on the objective o f the analysis, 

several approaches have been suggested and used to overcome this problem.

1.4.1 Optimisation principle

A mathematical solution may be obtained by grouping the muscles and thus 

reducing the number o f muscle forces until the total number o f unknowns is equal to 

the number o f equations. The main disadvantage o f this approach is that it neglects 

moments produced in space by each and every muscle involved, while at the same 

time oversimplifying the muscular force acting on the system, which may not reflect 

the real situation. Another method o f solution is to restrict the number o f non-zero 

joint and muscle forces to the number o f available equations, and permute the choice 

of these non-zero variables from the set o f all the muscle and joint forces. If the range 

of solutions is further limited by an additional overall condition such as an
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optimisation criterion o f muscular force, for example, then linear programming can be 

applied and a unique solution may be obtained (Seireg and Arvikar 1973).

Barbenel (1969, 1972, 1974) and later Osborn and Baragar (1985) used this 

latter method to predict which muscles were used to produce a specified bite force. 

The equilibrium equations were transformed to provide two linear models, one 

minimising the joint forces and the second minimising the total jaw muscle forces. 

Whereas the results o f Barbenel’s (1969) first model predicted the presence o f joint 

reaction forces and their linear dependence on muscle forces, his second model 

demonstrated that for the minimum muscle activity during symmetrical biting to exist, 

only the masseter needed to be active (Barbenel 1974). Osborn and Baragar (1985) 

rejected Barbenel’s (1969, 1974) models, in particular the principle o f linear 

minimisation o f muscle force, since experimental work had shown that several 

muscles instead o f only one were in fact active during symmetrical biting (Moller 

1966). Whereas Barbenel’s (1974) model did not account for selective activity within 

the masseter, Osbom and Baragar’s (1985) model allowed the activation of muscle 

force to occur as a fimction o f an increase in a moment arm, that is, the more efficient 

anterior fibres o f the medial pterygoid muscle were allowed to activate before those o f 

the deep masseter.

Osbom and Baragar (1985) preferred their muscle minimisation model to the 

joint minimisation model despite the fact that it was restricted by assumed vertical 

and symmetrical bite forces. This preference was based on the seemingly 

unreasonable prediction by the latter model o f high activity in the middle fibres o f the 

temporalis and lateral pterygoid muscles without the production o f joint forces or high 

molar bite forces. Interestingly, the opponents o f the link theory also rejected this 

notion o f two muscles being highly active while counteracting and hence exerting no
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net force on the system. The muscle model, on the other hand, predicted a common 

action o f masseter and medial pterygoid muscles to produce vertical bite forces and an 

increase in biting activity for more posterior tooth locations. Whereas the former 

prediction was thought to be physiologically acceptable, the latter was found to agree 

with some investigations (Mansour and Reynik 1975) and contradict previous studies 

where a bite force decrease had been observed at more posterior teeth (Pruim et al 

1980). Osbom and Baragar (1985) argued that the experimental findings were related 

to vertical forces only and that the mesial inclination o f the more posterior molars 

would act against high vertical components o f force and in favour o f horizontal ones. 

Since their model was based on a linear programming technique, its muscles were 

also activated linearly. This assumption does not conform with experimental results, 

in particular with maximum isometric biting activities (Pmim et al 1978), and 

demonstrates the difficulty in using simple linearization principles to model muscle 

mechanics, a task which is quite difficult in the case of the jaw musculature because 

of its uniquely complex stmcture (Lam et al 1991).

Another three-dimensional modelling approach, also based on the 

minimisation principle, included an iterative program designed to find the 

combination o f muscle forces necessary to minimise the root mean square load on the 

TMJ (Smith et al 1986). The muscle pairs involved were combined to achieve a 

solution in the sagittal plane. This solution was then used to satisfy static equilibrium 

requirements in the fi-ontal and horizontal planes while maintaining the previously 

obtained equilibrium in the sagittal plane. The solutions were then gained by halving 

the sum o f condylar forces and the sum o f each pair o f muscle forces and applying the 

halves to the right and left mandibular sides. The condylar magnitudes were thus 

altered without changing their sum of forces. The placement o f the centre of the co
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ordinate system on a point midway between the condylar centres produced an 

indeterminacy o f the constraint provided by condyles in the medio-lateral dimension. 

The fact that moments could not be resisted by the forces directed along the medio- 

lateral axis o f rotation implied that moments about this axis were resisted solely by 

muscle forces.

The model by Smith et al (1986) predicted forces which were consistent with 

the lever theory and the gradient o f bite forces observed in earlier investigations (Gysi 

1921, Howell and Manley 1948). Their model demonstrated the presence o f joint 

forces during any biting activity and showed that for asymmetrical unilateral biting 

tasks the balancing condyle was more heavily loaded against the articular eminence 

than the working condyle. Also, the incorporation o f medio-lateral biting force 

components greatly affected the joint load directions. These results do not corroborate 

Osbom and Baragar’s (1985) predictions because of the differences in muscle activity 

patterns chosen during the minimisation process. Whereas Osbom and Baragar’s 

(1985) model saturated each muscle individually, thus incorporating possible errors 

by seeking complete individual minimisation in muscular activity, the model by Smith 

et al (1986) only allowed the minimisation to be repeated three times for each muscle. 

Therefore, their algorithm allowed muscles to ftinction without necessarily reaching 

minimum activity levels. The differences encountered between the two models 

demonstrated how similar computer-assisted modelling approaches could yield 

dissimilar predictive results when their underlying mathematical algorithms were 

applied differently. The optimisation technique thus proved to be highly sensitive to 

differences in application and confirmed the necessity for any modelling approach to 

be subjected to a validation process.
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1.4.1.1 Summary

All the models described here applied the minimisation principle o f muscular 

and/or joint forces to simulate so-called optimal physiological conditions in the jaw 

system. Their predictions were, however, invaribly greatly constrained by the 

programming techniques used which over-simplified the action o f the jaw muscles.

1.4.2 Physiological approaches

When applied to the jaw musculature, the minimisation principle assumed 

some type o f optimal muscle function and worked under theoretical constraints not 

fully validated experimentally. A different but more realistic approach for reducing 

the many unknown variables in the equilibrium equations would involve the 

experimental verification o f all pertinent muscle activities to be modelled. In 

association with simultaneous measurements of bite forces, this approach would treat 

the joint reaction forces as unknowns, thus allowing for the mathematical derivation 

of the magnitude and directions of the joint forces from the equilibrium equations.

Pruim et al (1980) incorporated experimentally measured geometrical 

coordinates o f the lines o f action o f the main masticatory muscles and used their cross 

sections and electrical activities to give more precise physiological data. They 

assumed bilateral symmetry in biting and thus modelled the relationship between the 

external forces acting on the jaw on the sagittal plane only. Their results corroborated 

the lever theory by demonstrating the presence o f increasing joint forces for more 

anteriorly located biting activities, and significantly lower bite forces during bilateral 

symmetrical biting at the second molar when compared to the first molar. To analyse 

the forces acting on the human jaw system in three dimensions, a computer model 

was loaded with ‘physiological’ muscle forces to predict mandibular bite and joint 

forces (Nelson and Hannam 1982, Nelson 1986).
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Nine pairs o f masticatory muscles were incorporated into the model by 

determining their lines o f action between single points o f attachment and specifying 

their activation levels based on experimental data (MacDonald 1982). In order to 

reach a mathematical solution, the substantial amount o f unknowns was reduced by 

applying two constraints to the model. First, the orientation o f the reaction force at the 

designated point o f tooth contact was specified. The three orthogonal components o f  

this force were expressed as ratios between each other, thus reducing these three 

unknowns to one variable. Second, the mediolateral orientation o f the left condylar 

force (when viewed in the frontal plane) was pre-specified to allow reduction o f the 

three left joint force variables to two. These procedures reduced the sum o f unknown 

variables at the bite point and condyles to six, thus making mathematical solutions 

possible. The mathematical solution o f the system was achieved applying an approach 

similar to that used by Smith et al (1986), who first solved the forces in the sagittal 

plane and then used the partial solutions to satisfy static equilibrium requirements in 

the frontal and horizontal planes. Both bilateral symmetrical and unilateral clenching 

functions were tested with Nelson’s (1986) model. Maximum bite forces ranged from 

500 to 600 N at the molars versus only 130 to 140 N at the incisors. Unilateral 

functions corroborated the lever theory and showed more heavily loaded balancing 

side condyles during unilateral clenching activities.

1.4.3 Summary

In an attempt to study the biomechanics o f the jaw system, several computer 

models o f the mandible have been analysed. These studies were based on the 

principles o f rigid body mechanics and static equilibrium and described the inter

relationship o f the external forces acting on the system. In this regard, several
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associations o f the forces acting on the jaw and their geometrical relationships have 

been made from the preceding analyses.

Initially, only single horizontal or vertical force components were used under 

the laws o f static equilibrium to describe the mechanics o f the masticatory system. 

Then, the slow incorporation o f more vector components led to mathematically 

more complex but at the same time deeper understanding o f the system’s function. 

Later, with the development o f computational facilities, more relevant physiological 

and anatomical variables were built into the system and their force interplay could 

thus be solved more efficiently. The main difficulties in the assignment of 

physiological variables to these models included, among other things: a) the exclusion 

of muscle activity specificity for a particular case and task involved; and, b) the 

necessity o f any modelling approach to be subjected to a validation process.

1.5 Mandibular elasticity

The preceding analyses assumed the mandible to act as a rigid structure, thus 

allowing the principles o f rigid body mechanics to be applied to the jaw system. 

While these studies attempted to explain the interrelationship o f external forces acting 

on the mandible, they also had to constrain the system in order to reach a state o f  

equilibrium. If one considers the lower jaw as a deformable body, however, the 

distribution o f externally applied forces can be detected either locally or generally 

along the mandibular structure, thus allowing the study o f the bending characteristics 

o f the mandible based on quantifiable deformations or strains.
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1.5.1 Finite element analysis (FËA)

The process of subdividing a system into its individual components or ‘elements’ 

whose behaviour is readily understood, and then rebuilding the original system from such 

components to study its behaviour is a widely accepted technique (Burnett 1987).

In many situations, an adequate model of a system is obtained using a finite 

number of well defined components. Such problems are called discrete (Nath 1974).

In others, the subdivision is continued indefinitely and the problem can only be 

defined using a mathematical solution which leads to differential equations that imply an 

infinite number of elements. Such systems are termed continuous.

With computers, discrete problems can generally be solved readily even if the 

number of elements is very large. As the capacity of computers is finite, continuous 

problems can only be solved by mathematical manipulation. Here, the available

mathematical techniques usually limit the possibilities to oversimplified situations. To 

overcome the intractability of the realistic type of continuum problem, various methods of 

discretisation have from time to time been proposed. All suggestions have presumed an 

approximation which is assumed to approach the true continuum solution as the number 

of discrete variables increases. The discretisation of continuous problems has been 

approached in different ways by mathematicians and engineers. These approaches are 

summarised in Table 1 (Zienkiewicz and Taylor 2000).

The existence of a unified treatment of discrete problems leads to the first 

definition of the finite element process as a method of approximation of continuum 

problems such that:

1. The continuum is divided into a finite number of parts (elements), the 

behaviour of which is specified by a finite number of parameters (Nath 1974).

2. The solution of the complete system as an assembly of its elements follows 

precisely the same rules as those applicable to standard discrete problems.
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ENGINEERING TRIAL FUNCTIONS M ATHEMATICS

Standard and analogue substitution Variational methods Weighted residual

Hrenikoff(1941) 

McHenry (1943) 

Newmark (1949)

Direct continuous element

Argyris (1960) 

Turner et al (1956)

Rayleigh (1870) 

Ritz(1909)

Gauss (1871) 

Galerkin(1915) 

Biezeno and Koch 

(1923)

Piecewise continuous trial function

Courant (1943)

Prager and Synge (1947)

Present day 
Finite element method

Table 1. Finite element evolution table (after Zienkiewicz and Taylor 2000).

Finite difference

Richardson (1910) 

Liebeman (1918) 

Southwell (1935)

Variational finite differences

Varga (1962)



1.5.1.1 General principles

Finite element modelling is a computer-aided, mathematical technique 

developed for engineering structural analysis. It solves a complex problem by 

redefining it as the summation o f the solutions o f a series o f interrelated simpler 

problems. In applying the finite element modelling technique, a structure is 

discretised (i.e. divided) into a grid or mesh of elements o f finite dimensions which in 

combination form a model o f the structure (Burnett 1987). Each element a

specifir<fgeometrical shape (i.e. triangle, square, tetrahedron, etc.) with a specific 

internal strain function (Nath 1974). Using these functions and the actual geometry of 

the element, the equilibrium equations between the external forces acting on the 

element and the displacements occurring at its comer points or nodes can be written 

(Burnett 1987). There will be one equation for each degree o f freedom for each node 

o f the element. These equations are most conveniently written in matrix form, i.e. 

where the linear relationship between a set of variables, i.e. displacement (d) and 

force (f) is:

ki I d i+ ki2 d2+ ki3 d s+ k n  d4 =  fi 

kai di +  kz2 dz+ kz3 d )+ kz4 d4 — fz 

ksi di +  kî2 dz+ k)3 d3+ k}4 d4 =  f

This can be written in a shorthand way for use in a computer algorithm 

(Equation 1). The matrix o f the element’s coefficients becomes a 'stiffiiess matrix' that 

relates forces to displacements and is thus based on:

[K ]. {d}= {f} (1)
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where (K) denotes the 'overall stiffness matrix' o f the structure, (F) represents the 

'overall force vector' which lists the externally applied forces at all the nodes and (d) 

symbolises the displacements at all the nodes. The square and curved brackets denote 

square (or rectangular) matrices and vectors, respectively. Or

Kd = f  (2)

Where

K - [ K ] =

d = {d } =

r
k n ,  k i 2, k i3 , ki4

k 2 1 ,  lC22, k z 3 ,  lC23

1(31, k}2, k l3 , k34

d .

d2
d3

(2 .1)

(2.2)

The above notation contains within it the definition o f both a matrix and the 

process o f multiplication. Matrices are defined as 'arrays o f numbers' o f the type 

shown in equation (1). The particular form listing a single column of numbers is often 

referred to as a vector or column matrix. The multiplication o f a matrix by a column 

vector is defined by the equivalence o f the left sides of equations (1) and (2). It is 

obvious that the multiplication o f full matrices has a meaning only if the number of 

columns in K is equal to the rows in d. Having calculated the stiffiiess matrix of 

individual elements into which the structure is subdivided, the next step is to 

assemble these to form what is called the 'overall or global stiffiiess matrix' (K) for 

the entire discretized structure. The global stiffiiess matrix is then solved for the 

unknown displacements given the known forces and restraining conditions. This is 

done by ensuring that the equilibrium and compatibility conditions are satisfied at all 

nodes in the structure. Whereas the equilibrium conditions will be satisfied when all 

forces and moments about a given point equal zero, the compatibility conditions will
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be ensured if the displacements within the deformed structure are continuous 

(Zienkiewicz and Taylor 2000). These latter conditions thus imply that even though 

the FEM will yield an approximation o f the correct answer, it would be possible to 

converge on this answer with a less than infinite number of nodes and elements. From 

the displacements at the nodes, the stresses in each element can then be calculated 

and based on these as well as the material properties, the strains can be derived.

1.5.1.2 Review of the finite element models of the mandible

Finite element analysis has been used for many years to study the behaviour 

of various human bones (Huiskes and Chao 1983, Huiskes and Hollister 1993). 

Several attempts have been made to model the dental tissues and the craniofacial 

skeleton. Of the recent efforts, some related to the cranial skeleton (Tanne et al 

1988) and others to the dento-alveolar complex (Tanne et al 1987, Andersen et al 

1991a, b). The jaw has been modelled two-dimensionally (2D) (Iwata et al 1981, de 

Jongh et al 1989) and three-dimensionally (3D) (Gupta et al 1973, Knoell 1977, 

Ferré et al 1985a, b, Umetani and Inou 1988, Ishida et al 1988, Andersen et al 1991a, 

b. Hart et al 1992, Tanne et al 1993, McLoughlin and Bidez 1993, Korioth and 

Hannam 1994, Korioth and Versulis 1997, van Zyl et al 1995, De Vocht et al 1996, 

Papavasiliou et al 1997, Menicucci et al 1998, Tiexeira et al 1998, Vollmer et al 

2000).

In general, these models were severely compromised by the oversimplification 

of mandibular geometry, boundary conditions, methods of verification and / or 

material properties as evidenced by data in Table 2. The arbitrary selection of 

boundary conditions and material properties in the different studies made comparisons 

difficult and meaningless. The absence of any standardisation o f the methods and the 

studies’ different objectives added to the complexity o f the problem (Table 2). The
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literature review identified more than 550 studies that had dealt with bone modelling. 

Table 2 summarises some of the investigations which had involved modelling o f the 

mandible.

1.5.1.2.1 Mandibular geometry

Hylander (1979), Smith (1983) and Daegling (1989) used computer tomo

graphy (CT) to assess whether the mandibular corpus was best modelled as a solid 

elliptical beam or as a hollow beam. They calculated the cross-sectional areas, the 

second moments of area about the minor and major morphological axes, and the polar 

moment o f inertia for each CT image o f hominoid corpora. Their results showed that 

neither o f the two proposed elliptical beam models accurately and reliably predicted 

the biomechanical properties o f cross-sectional geometry. It was also shown that the 

ratio o f corpus breadth to corpus height (commonly referred to as the ‘index of 

robusticity’) was o f limited use when interpreting the biomechanics o f the mandibular 

corpus (Daegling 1989, Daegling and Grine 1991). These findings attest to the 

significance o f other means o f modelling, such as finite element techniques, which 

provide the possibility o f more precise structural and geometrical representation.

At the moment, imaging techniques such as computer tomography enable the 

generation o f a sufficient amount o f cross-sectional profiles needed to construct the 

mandible’s structure (Hart et al 1992, McLoughlin and Bidez 1993, Korioth and 

Hannam 1994, Vollmer et al 2000). However, the long exposure time required for CT 

imaging renders this radiological technique unsuited for routine use in living humans. 

The Scan-Ora (GE 9800 Scan Ora machine by General Electric, Cincinnati, OH, 

USA) imaging technique, which has become only recently available, might overcome 

this difficulty. However, this method did not match the clarity and spatial resolution 

of computer tomography (Vollmer et al 2000).
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AUTHOR

METHOD OF 
CONSTRUCTING THE 

MODEL

MATERIAL 
PROPERTIES 

OF BONE

BOUNDARY
CONDITIONS

METHOD OF 
VERIFICATION

AIM OF THE 
STUDY

Gupta and Knoell 
(1973)

Physical measurements 
(tooth bearing area) Isotropic Load on the first 

bicuspid Interferometry Baseline model

Knoell (1977)
Physical measurements 
(dried human mandible) Isotropic Load on the first 

bicuspid Strain gauges Verification of 
a FEM

Ferré et al 
(1985a, b) Not mentioned Isotropic

Load applied following 
the symmetrical axis of 
the mandible

Interferometry
Mandible 
deformation / 
fracture

Tannest a/ (1988) Photograhs (transverse 
sections, dry human skull) Isotropic

Restraints in the region 
of foramen magnum 
and load on the first 
molar

None

Develop a 3D 
model of the 
craniofacial 
skeleton

Muscle forces and

Ishida et al (1988) Not mentioned Isotropic restraints applied to 
molar teeth and None Not mentioned

Umetani and Inou 
(1988)

Not mentioned Not mentioned

condyles
Muscle forces and 
restraints applied to 
molar teeth and 
condyles

None
Importance of 
3D to 2D 
models

Table 2. Summary of finite element studies for mandibular models. Five categories were addressed in this summary: 
Methods used to construct the model, bone material properties, boundary conditions, methods of verification and study
aims.



Table 2 ... continued

Andersen et al 
(1991a, b)

Andersen et al 
(1991a, b)

Hart (1992)

Meijer et al 
(1993a, b)

McLoughlin and 
Bidez (1993)

Tanne g/fl/ (1993)

Photograhs 
(horizontal sections, 
dentate mandible)

Photograhs 
(horizontal sections, 
dentate mandible)

CT-scan images 
(partially dentate 
human mandible)

Photograhs (cross 
sections, edentulous 
human mandible)

Isotropic

Compact bone- 
orthotropic, 
cancellous bone- 
isotropic______

Muscle and swallowing 
forces

Muscle forces and 
swallowing forces

Histological
sections

Histological
sections

Cortical bone-
transversely
isotropic

Isotropic

CT-scan images
(dentate human Isotropic
mandible)

Photograhs (transverse
sections, dry human Isotropic
skull)

Muscle forces and 
unilateral and bilateral 
bite forces applied at the 
second premolars 
Muscle forces and 
vertical, horizontal and 
oblique forces applied on 
one implant and restraints 
applied to the condyles

None

None

Not mentioned None

Restraints at the temporal 
bone region and forces None 
applied at the pogonion

Stress / strain 
level in 
periodontal 
ligament 
Stress / strain 
level in 
periodontal 
ligament
Biomechanical 
response to 
simulated 
biting loads

Stress 
distribution 
around dental 
implants

Biomechanical 
behaviour of a 
dentate 
mandible

Biomechanical 
changes due to 
orthopaedic 
treatment
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T able 2 ... continued

Korioth and Hannam 
(1994)

CT-scan images 
(dentate human mandible) Isotropic

Muscle forces and 
restraints to simulate 
unilateral tooth 
clenching

None

Mechanical 
response during 
simulated tooth 
clenching

Van Zyl a / (1995) 

De Vocht et al (1996)

Reflex microscope 
(edentulous human 
mandible incorporating 
implants)

Photograhs 
(horizontal sections)

Isotropic

Isotropic

Masticatory muscle 
forces and force 
applied to one implant

Restraints at the 
temporal bone and 
force applied to the 
condyles

None

None

Stress analysis of a 
cantilever prosthesis

Biomechanics of the 
temporomandibular 
joint (TMJ)

Papavasiliou et al 
(1997) Not mentioned Isotropic Load applied to one 

implant
None

Stress distribution 
around single tooth 
implant

Tiexeira et al (1998) Graphical data Isotropic
Restraints at the 
mandibular plane and 
100 N force

None
Validation of a 
mandibular finite 
element model

Vollmer et al (2000) CT-scan images 
(dentate human mandible) Isotropic Forces applied to the 

coronoid processes
Strain
gauges

Mandibular
biomechanics



1.5.1.2.2 Material properties of bone

Bone is anisotropic and heterogeneous, consists o f cortical and cancellous 

elements, and has linear viscoelastic properties. Its mechanical characteristics have 

been the subject of considerable study for more than 150 years (Rauber 1876, Roux 

1881, Koch 1917 cited by Evans 1973). In previous finite element models, 

referenced in Table 2, the biologically composite material vsras idealised as being 

homogenous and isotropic. If bone tissue is modelled as being elastically isotropic 

rather than orthotropic, a maximum error o f up to 45° in the prediction of the 

orientation o f the principal axes o f stress is possible (Cowin and Hart 1990).

The accuracy o f data is necessary for finite element modelling. Hence the 

effects of employing different material properties on the model’s predictions should 

be investigated using the well-known technique o f sensitivity analysis. Surprisingly, 

none o f the reported finite element studies addressed this issue, nor did they 

apparently recognise the importance o f assigning accurate material properties when 

using finite element analysis. In the following sections the mechanical properties of 

bone will be discussed briefly to highlight the difficulty and complexity o f  assigning 

correct material properties to it.

1.5.1.2.2.1 Elastic deformation

Studies on the physical properties o f compact bone have been limited to 

human cadaver specimens or conducted on material from other animals (Tables 3 

and 4). Hence the results should be viewed as approximations o f the properties o f 

living human bone (Martin et al 1998).

Elasticity is defined as the property that enables a material to recover from 

deformation caused by an external force. A perfectly elastic solid recovers all 

deformation upon release o f external forces and its strain is directly proportional to
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the stress. The relationship between the applied stress (a) and the resulting strain (e) 

for a material is expressed as:

cj = c 8 (3)

Where a  = represents the stress component 
8 = represents the strain component
c = represents the Young’s modulus

Young's modulus together with Poisson's ratio (v) and the shear modulus (G) 

are known as the elastic constants o f a material. Poisson's ratio describes the 

material's ability to conser\^e volume when loaded in one direction. It is defined as 

the negative o f the ratio of transverse strain to longitudinal strain in the direction o f  

uni-axial loading. The shear modulus (G) relates the angular distortion (shear strain) 

to the shear stress in the material.

The elastic properties o f any given material may differ according to the 

direction o f testing. Isofropic materials, whose physical properties are constant in all 

directions, have two independent elastic constants — the elastic modulus (E) and 

Poisson's ratio (v).

If the material is completely anisotropic, a feature first noted by Rauber 

(1876) for compact bone, then 2. to 21 elastic constants are required for its stress- 

strain relationships to be defined in all planes.

However, Lang (1970), and later Reilly and Burstein (1975), treated compact

bone as a transversely isotropic material and, using an ultrasonic technique,

determined its five elastic constants (Table 3). A transversely isotropic model is

based on a material that exhibits one set of elastic properties in one direction and a

second set o f elastic properties in the two directions (or planes) perpendicular to that

direction. Therefore, in terms o f a stiffiiess matrix, a transversely isotropic material
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has 12 non-zero components o f which five are independent and require measurement 

(Lang 1970).

In 1981, van Buskirk et al (and later Ashman et al 1984, Dechow et al 1992) 

proposed that the assumption of transverse isotropy was not adequate and suggested 

that the assumption should, at the very least, be orthotropic (Table 3). An orthotropic 

material is categorised elastically by nine independent elastic constants (Dechow et 

al 1992).

Comprehensive theories o f anisotropy and elasticity may be found in 

literature (Popov 1978, Bassin et al 1988, Beer and Johnston 1988). For accurate 

interpretations it is vital that the mechanical properties o f the mandibular bone are 

determined correctly. This bone has a complicated geometry and is subjected to a 

complex system of muscle and dental forces. In 1985, Ashman et al reported 

measurements indicating that bovine mandibular bone is isotropic with a Young's 

modulus o f 7.39 GPa and a Poisson's ratio o f 0.403.

In 1987, Ashman and van Buskirk recorded the elastic constants o f the 

human mandible using the ultrasound technique (Table 3). They stated that the 

similarities o f data recorded for human femur, canine femur and human mandible 

were striking. Ashman and Buskirk (1987) concluded that human mandibular bone 

was elastically homogenous, anisotropic and slightly less stiff than human and 

canine femora. The anomalous results for the canine mandible were apparent but 

could not be explained. They further recommended the development o f a three- 

dimensional finite element model to study the effects of different material properties 

on the distribution o f stress and strain in the mandible for ordinary functional loads.
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1.5.1.2.2.2 Comments on mechanical properties reported in literature

The mechanical properties of bone, reported in the literature, are compiled in 

Tables 3 and 4.

The wide range of the reported values of the mechanical properties of bone 

could partly be attributed to the treatment of the bone during specimen fabrication, 

storage and testing. Reilly and Burstein (1975) considered a large number of factors 

relating to the preparation and testing of cortical bone. They found that the methods of 

embalming and drying were particularly important variables affecting the mechanical 

characteristics of the bone specimen. It is not known whether embalming affects the 

ability of bone tissue to deform plastically. Most investigators (Reilly and Burstein 

1975, Ashman and van Buskirk 1987, Keaveny et al 1993) have not noted remarkable 

amounts of plastic deformation in embalmed bone. Evans (1973), however, found a 

decrease in the amount of deflection necessary to produce failure in binding tests on 

embalmed bone compared with similar tests on fresh bone. The discrepancy in the 

results might be attributable to different fixation of the organic portion of the tissue by 

the embalming solution and a subsequent change in mechanical characteristics. The data 

on the effects of embalming on the physical properties are equivocal, and if fresh or 

frozen bone is available, this is certainly preferable (Ashman et al 1984, Ashman et al 

1985, Dechow et al 1992). The loss of plastic deformation before fracture in dry bone 

(and the importance of this deformation as a factor in determining mechanical 

properties) has been shown by Reilly and Burstein (1975) in fresh bone, and by Evans 

(1973) in embalmed bone. It should be noted that bone in-vivo is not dry, and while its 

precise state of hydration is not known, its condition is probably closer to that present in 

a wet test than that present in a dry test. Rewetted dry bone was also used, but it was 

found that drying could induce cracks that change the stress response and strength 

characteristics (Evans 1973, Reilly and Burstein 1975).

Hence, this review only considered studies that kept bone specimens wet during 

all stages of preparation and testing.
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AUTHOR

Lang (1970)

TYPE OF TEST SPECIMEN 
GEOMETRY (mm) LOCATION

ELASTIC 
MODULUS, 

MEAN (GPa)
OTHER DATA

Ultrasound

Remy and Burstein Mechanical 5 x 3 x 3

Bovine bone

Human femur

Ell = 22.0 
E i2 =11.3

Ell = 17.9 
E12 = 10.1

Ashman et al (1984) Ultrasound Cubic specimens

Canine femur

Human femur

Ell = 20.0 
E i2 = 13.4 
E i3 = 12.0

Ell = 20.1 
E i2 = 15.6 
E i3 = 12.8

a  TENS = 130

Ashman et al (1985) Ultrasound 3 x 4 x 4 Canine mandible Ei i = 7.39

Table 3. Mechanical properties of cortical bone. E = elastic modulus, C J te n s  = ultimate tensile strength (GPa). 
Geometry was entered as height x width x depth for cubic and parallelepiped specimens.
Subscripts: 11 - Along the direction of the long axis of the bone.

12 - The radial direction or perpendicular to the long axis of the bone.
13 - The circumferential direction.



Table 3 ... continued

Ashman and 
van Buskirk (1987)

Ultrasound 3 x 5 x 5 Human
mandible

Ell = 19.4 
E i2= 13.3 
E i3= 10.8

Lotz and Hayes 
(1990) Mechanical Human femur

Diaphyseal 
Ell = 12.5 
E i2= 5.9 

Superolateral 
Ell = 9.2 
E i2 = 5.3 

Inferomedial 
Ell = 9.8 
E i2= 5.5

a  TENS = 128

a  TENS = 101

a  TENS = 101

Dechow et al (1992) Ultrasound 3 x 5 x 5 Human
mandible

El 1 = 24.0 
E i 2 = 1 4 .7  
Ei3= 10.1



AUTHOR TYPE OF 
TEST

SPECIMEN
GEOMETRY

(mm)
LOCATION

ELASTIC 
MODULUS 
MEAN OR 

RANGE (MPa)

OTHER DATA

Rohlmann et al 
(1980)

Martens et al (1983)

Mechanical

Mechanical

lOx 12 

8 x 8

Femur-head

Femur-head
Femur-neck

Eli: 43 - 1531

El 1 = 900 
Ell = 616

a  COM? : 0.5 - 22.9

a  COMP = 9.3 
a  COMP = 6.6

Goldstein (1983) Mechanical 7 x 1 0 Tibia Eli: 4 -5 0 0  

Eli: 340- 3350

a  COMP : 0 -16

Ashman et al (1989) Ultrasound 5 x 5 x 1 0 Tibia Ei2: 140 - 1750 
Ei3: 110- 1230

Hvid (1988) Mechanical 6 mm-thick 
slices Talus - a  COMP : 2.7-21

Table 4. Mechanical properties of cancellous bone. E = Elastic modulus, G c o m p  = Ultimate compressive 
strength (GPa). Geometry entered as length / diameter for the cylindrical specimens and as height x width x 
depth for cubic and parallelepiped specimens 
Subscripts: 11 - Along the direction of the long axis of the bone.

12 - The radial direction or perpendicular to the long axis of the bone.
13 - The circumferential direction.
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Table 4 ...continued

Odgaard and Linde 
(1991) Mechanical 7 x 6 x 6 Tibia Ell = 689 -

Linde et al (1992) Mechanical
6.5 X 6.5 

5.8 X 5.8 X 5.8
Tibia

Ell = 393 

Ell = 387

a  COMP = 4.53 

a  COMP = 4.61

Keaveny (1993) Mechanical
10x5

5 x 5 x 5

Bovine
Humerus

Ei i = 1010 

Ell =1470

a  COMP = 13.1 

a  COMP = 8.19

Dalstra et al (1993) Mechanical Cubic specimens Acetabulum
Ell = 61 
E i2 = 42 
E i3 = 31

-

G oulet^ /a /(1994) Mechanical 8 x 8 x 8 Various
locations

Eli: 16-1113 
Ei2: 1 - 654 
E i3 :6 - 1524

-

Müller and 
Rüegsegger (1996)

Finite
element
analysis

100 X 100 X 100 Radius Ell = 607.0 
Ei2 = 536.0 
E i3 =87.2

-

'j



The elastic modulus in the longitudinal direction of cortical bone is reported to 

be approximately 1.5 to two times greater than in the radial and circumferential 

directions. The Young's moduli are similar in compression and tension. Cortical bone, 

however, exhibits strength asymmetry and its tensile strength is significantly smaller 

than its compressive strength, reported as about 130 Mpa and 190 MPa, respectively 

(Reilly and Burstein 1975).

Studies suggest that cancellous bone is approximately isotropic — in respect to 

Young's modulus and ultimate compressive stress — in the acetabulum (Dalstra et al 

1993), transversely isotropic within the tibia (Ashman et al 1989) and orthotropic 

within the femur (Martens et al 1983).

There is a general consensus that the compressive and tensile Young's moduli 

of cancellous bone are the same (Ashman et al 1984). However, there appears to be 

considerable debate as to whether the compressive strength is greater than (Stone et al

1983), equal to (Carter et al 1980) or smaller than (R(j)hl et al 1991) the tensile 

strength. Theoretical analyses of cancellous bone (Gibson 1985) suggest that any one 

of these possibilities could be true, depending on the structure of the cancellous bone 

and the bulk mechanical properties of the trabeculae.

1.5.1.2.2.3 Factors affecting the mechanical properties of bone

Mechanical properties of bone are influenced by experimental and structural

factors.

1.5.1.2.2.3.1 Experimental factors

Experimental factors include methods used to determine elastic constants and 

specimen geometry.

Methods of determining elastic constants

There are two main methods to measure the elastic constants:

Mechanical testing, which involves direct application of known tensile and 

compressive stresses and measurement of the associated dimensional changes.
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Ultrasonic testing, which measures elastic properties using a continuous wave 

/ phase comparison technique. This technique, described in detail by Ashman et al 

(1987), involves sending a continuous ultrasonic wave through the specimen. 

Ultrasonic velocities are calculated with the measured time delay and the thickness of 

the specimen.

Direct comparison of the results of the various studies is difficult because of 

the variations in test methods and specimen locations. For instance, Reilly and 

Burstein (1975) carried out uniaxial tension-compression tests to measure the 

mechanical properties of cortical bone whereas Lotz and Heyes (1990) carried out 

three-point bending tests. Although the measured Young's moduli were similar, the 

three-point bend test tends to yield higher tensile strengths than uni-axial testing. For 

this reason, Lotz and Hayes (1990) adjusted their data for comparison with uniaxial 

data.

In 1970, Abendschein and Hyatt tested human tibial cortical bone samples both 

mechanically and ultrasonically and found a correlation between the two sets of 

values. From a plot comparing mechanically versus ultrasonically determined moduli 

the following relationship was derived:

Em = 0.1348+ 0.7564 Eu (4)

Where Em = Mechanically obtained elastic modulus 

Eu = Ultrasonically obtained elastic modulus

Specimen geometry

Standards set for test specimen geometry require that the minimum dimensions 

of a specimen be several times larger than those of its structural features (Martin et al 

1998).

Linde et al (1992) stated that ‘whether the specimen geometry is cylindrical or 

cubical does not seem to matter. The difference between the mechanical behaviours of
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cubical and cylindrical specimens can be explained solely by the difference in the 

length of these specimens’. Linde et al (1992) also found that Young’s modulus was 

linearly related to the specimen's cross section and length, when length ranged from 

2.75 mm to 11.0 mm. They further suggested that a cube with a 6.5 mm-long side, or a

6.5 mm-long cylindrical specimen with a 7.5-mm diameter were suitable standard 

specimens for comparative studies.

Tables 3 and 4 illustrate how varied studies have been in terms of their 

specimen dimensions. The fact that specimen geometry affects the apparent 

mechanical properties of bone makes it reasonable to speculate that some results were 

over- or underestimated (Linde et al 1992, Martens et al 1983).

1.5.1.2.23.2 Structural factors

Structural factors include bone density and its internal structure.

Bone density

The mechanical properties of cortical bone are thought to be influenced by 

Haversian canals and vascular spaces. In cancellous bone they are affected by marrow 

spaces (Martin et al 1998). Several investigators have proposed empirical relationships 

between mechanical properties and porosity (Carter and Hayes 1977, Schaffler and 

Burr 1988). Their results suggest that the Young’s modulus of bone becomes more 

sensitive to changes in porosity as its value decreases.

Using finite element analysis, Müller and RUegsegger (1996) predicted a 

strong dependence of Young's modulus on apparent density. Although the predicted 

values were within the broad range of values (20 - 1,600 MPa) reported by other 

investigators (Carter and Hayes 1977), they could not be verified at the time by direct 

mechanical testing.

Carter and Hayes (1977) and more recently Keller (1994) showed that the 

compressive strength (a) and elastic modulus (E) of bone specimens with a wide range
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of apparent densities (d = 0.5-1.9 g /ml) were correlated to the square and cube of 

density, respectively. Using multiple regression analysis, Rice et al (1988), however, 

showed that both ct and E for trabecular bone correlate better with d̂  than d̂ . However, 

this discrepancy might be explained by the fact that the results of Carter and Hayes 

(1977) included cortical as well as cancellous bone specimens, which increased the 

exponent from two to three. This explanation was supported by other studies (Ashman 

and Rho 1988). These analyses also showed that apparent density accounts for 70-80 

% of the variations in the elastic moduli of a particular specimen and the direction of 

loading relative to the anatomical axis for the remainder.

In summary, increasing porosity and decreasing mineral content in bone seem 

to weaken it.

Internal structure

Since bone matrix is highly variable, two samples of bone with similar porosity 

and mineralisation may still have quite different material properties. Owing to the 

variations in internal structure, secondary bone is weaker than primary bone (Reilly 

and Burstein 1975).

The organisation of collagen fibres also plays a key role in determining the 

mechanical properties of bone. Lamellar bone with lamellae of parallel collagen fibres 

is stronger than woven bone, in which the collagen fibres are more or less randomly 

organised. Ascenzi and Bonucci (1968, 1972) concluded that the predominant 

orientation of collagen fibres affects tissue strength in relation to the mode of loading. 

Further, it was found that regions under tension had more longitudinal fibres than 

those in compression. Obviously, in cortical bone, which generally exhibits little 

variability in porosity and mineralisation, this effect may be the predominant factor in 

determining its strength. Primary circumferential lamellar bone is probably the 

strongest bone deposited in the skeleton thanks to its lamellar structure and low

78



porosity (Ascenzi and Bonucci 1968, 1972). Woven fibred bone with primary osteons 

comes second and secondary Haversian bone third in strength. Cement lines tend to 

weaken the bone and reduce its stif&iess. Woven fibred bone has the weakest structure 

due to its random orientation of collagen fibres, as opposed to the highly organised 

composite structures of other bone types.

1.5.1.2.2.4 Summary

The absence of standardisation or unification of methods, approaches and goals 

in studying the mechanical properties of bone makes it difficult to assign definite 

material properties to cortical and cancellous bone. However, general agreement could 

be reached to treat cortical bone as an orthotropic or transversely isotropic material 

(Natali and Meroi 1989, Dechow et al 1992).

The need for a comprehensive, detailed study of bone anisotropy is therefore 

obvious.

1.6 Summary of the literature

Insights into mandibular bending and articular loading have been gained from 

measurements of regional surface strain in living macaques (Hylander 1979 a,b,

1984). The extent to which these observations can be extrapolated to man is uncertain 

because of the conspicuous differences in morphology and function between the 

species. Currently, the direct measurement of bone strain, using electrical strain 

gauges, in living human subjects is impractical. Photoelastic measurements have also 

been made on physical models of the mandible (Ralph and Caputo 1975, Standlee et 

al 1977, Mongini et al 1979), but this technique is of limited quantitative value. As in 

the majority of experimental stress methods, its main disadvantage is that it is not 

appropriate for analysing strain under in-vivo conditions. However, the method is non

destructive and enables the investigator to visualise the distribution of surface strains.
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The most common approach has been to use mathematical modelling, where it 

is a much easier task to specify the locations and orientations of putative muscle 

tension vectors in three-dimensional space. In these models, it has been assumed that 

the mandible is a rigid beam, and as such behaves according to static equilibrium 

theory (Barbenel 1972, 1974, Osborn and Baragar 1985, Nelson 1986, Smith et al 

1986, Seireg and Arvikar 1989). Mathematical models necessarily assume structural 

rigidity and mandibular condyle concentricity in the sagittal view, factors which 

complicate the analysis and limit their usefulness. Such restrictions encourage the 

development of models which are more representative of non-rigid, inhomogeneous 

structures, and which allow the simulation of wide areas of muscle attachment.

As an alternative, an indirect mathematical approach, the finite element 

modelling technique offers the advantage of being able to model structures with 

intricate shapes and indirectly quantify their complex mechanical behaviour at any 

theoretical point. Since the finite element method uses the theories of elasticity and 

static equilibrium, the effects of multiple external forces acting on a system can be 

assessed as physical events in terms of deformations, stresses or strains.

However, to establish whether the finite element method is feasible in this 

regard, the following questions first need to be answered:

1. Can such a model be constructed to represent the three-dimensional 

morphology of the mandible?

2. Can the model predict induced physical events which are measurable 

experimentally?

3. When predicted and experimental outcomes are compared, how sensitive is 

the model to changes in its component variables?

4. Will the model allow realistic simulations of jaw muscle tensions?
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STATEMENT OF THE PROBLEM

Functional mandibular deformation is a multifaceted phenomenon 

involving an irregular structure with a complex external and internal anatomy. The 

applied loads, generated by the muscles o f mastication, are similarly wide ranging 

in their characteristics, while the anisotropic property o f bone adds a further layer 

of complexity. Such deformation is o f considerable significance in implant 

treatment where the essentially rigid and elastic osseointegrated implant / bone 

interface, often combined with a rigid superstructure, can be associated with high 

stress gradients due to jaw deformation. The possibility that jaw deformation and 

the resultant stresses may be a source of implant failure or in some situations 

enhance osseointegration, cannot be excluded. Several experimental techniques are 

available to study mandibular deformation, but they are limited to their field of 

application and none is currently suitable for predicting the clinical behaviour of 

the loaded mandible.

Finite element analysis may potentially provide a technique for resolving 

the multiplicity of forces acting on and within the implant-host complex.

A finite element model which could be used as a flexible, indirect approach 

to study mandibular functional deformation should:

1. be constructed to represent the 3D morphology o f the mandible

2. allow realistic simulations o f jaw muscle tension

3. be verified experimentally

4. be sensitive to changes in its elastic constants

It is this background which lead to the hypothesis to be tested in this thesis, 

that functional mandibular deformation can be predictively modelled using 

the finite element method.
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CHAPTER TWO
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2. Material and methods

2.1 Introduction

Three main sets o f experiments were carried out: First, in-vitro measurement 

of mandibular surface strain and deformation, second, in-vivo measurement of 

mandibular functional deformation, and third, modelling of mandibular deformation.

In-vitro study: Mandibular surface strain and three patterns of mandibular 

deformation — medial convergence, corporal rotation and dorso-ventral shear — were 

measured using a dried human mandible mounted in a rig which simulated natural 

function. Surface strain was determined using resistance strain gauges mounted on the 

dried mandible. Deformation was measured using custom-fabricated displacement 

transducers mounted on endosseous implants in the premolar region.

In-vivo study: Functional jaw deformation was measured clinically using 

similar transducers in five patients who had been treated with endosseous implants.

Finite element study: A dried human mandible and the jaws of five patients, 

who had been treated with implants, were modelled using finite element techniques 

based on digitised CT-scan images of the jaws.
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2.2 In-vitro study

2.2.1 Selection of the mandible

The mandible used in this study was an edentulous human jaw recovered from 

a cemetery yard in Cairo, Egypt (See Appendix I for handling regulations o f human 

remains). One Nobel Biocare, endosseous implant (13 mm long with 3.75 mm diameter) 

was placed in each premolar region. The two implants were placed vertically to the 

lower border o f the mandible and equidistant from the median sagittal plane.

2.2.2 Measurement of mandibular surface strain

The main objective of the work described in this section was to verify a finite 

element model o f an edentulous human mandible, which would serve as a base line 

model for preliminary bio-mechanical response investigations. Subsequently the work 

was expanded to in-vitro and in-vivo mandibular fimctional deformation 

measurements and simulations.

For experimental convenience, 11 foil strain gauges (120 ohms) were placed 

approximately parallel to and 2 cm above the inferior border of the mandible (Figure 

3).

The gauge sites were first degreased with a chlorinated agent (CSM-1 

Degreaser, M-M). The sites were then dry abraded with a 320-grit silicon-carbide 

paper, followed by wet abrasion with a water-based acidic surface cleaner (M Prep 

Conditioner, M-M) and 400-grit silicon-carbide paper. An ammonia-based 

neutralising agent (M-prep Neutraliser, M-M) was scrubbed onto the bone surfaces 

with cotton tips. The gauge sites were finally wiped clean with gauze. Each gauge was 

then placed on a clean glass plate with its bonded side facing downwards. Cellulose 

adhesive tape was placed over the gauge and the terminal to lift both elements and 

transfer them onto the gauge site. After centring the strain gauge over the marked
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location, one end of the tape was lifted and a thin layer of catalyst (M-Bond 200 

catalyst, M-M) was applied to the exposed surfaces of the gauges and terminals. 

These were allowed to dry before some drops of methyl-2-cyano-acrylate adhesive 

(M-Bond 200, M-M) were applied to the gauge sites. The tape was then immediately 

folded back into its original alignment and the gauge and the terminal were pressed 

onto the bone with finger pressure for at least one minute. After an additional 

hardening period of about two minutes, the tape was removed for gauge wiring. 

Stranded 30 AWG wire was soldered to the bonded jumper tab. After soldering, the 

gauges were thoroughly cleaned with resin solvent (M-M RSK-1, M-M) to remove 

soldering fluxes which, if not completely removed, may contribute to gauge 

instability and drift (Gere and Timoshenko 1991). The completed assembly was 

allowed to set for 24 hours.

.mm.
A .

- l u l l :

Figure 3. Lateral view of the edentulous mandible with 11 single strain 
gauges in place. The cobalt-chromium plates and eyelets provide 
attachments for the simulated major masticatory muscles. Two implants 
were placed bilaterally in the premolar regions.
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The strain gauges were connected into Wheatstone bridge circuits in a Va 

bridge configuration. A constant voltage o f 2 V was used to induce a current through 

the strain gauge circuitry. Each gauge’s output was balanced, amplified and recorded 

using a digital recording system (section 2.2.5). The mandible was then mounted to a 

rig in which it could be loaded in a simulated physiological manner (section 2.2.3).

2.2.3 Construction of the loading rig

The rig (Figure 4) was constructed according to work by Samedova et al 

(1983) and Abdel-Latif (1996). The orientations o f the jaw muscles were based on 

data collected from 34 skulls by Abdel-Latif (Table 3, Appendix I). The data of 

Samedova were used to allocate relative values to each muscle (Table 4, Appendix I). 

This enabled the mandible to be mounted and loaded in a manner similar to that in 

the skull (Figure 4).

Four cobalt-chromium plates (thickness 0.5 mm, diameter about 8 cm) were 

made and attached to the mandible in the areas o f the relevant muscle insertions using 

M-Bond 200 adhesive (Measurement Group Inc., Raleigh, N.C.) (Figure 3). The 

plates were prepared by adapting 0.5 mm green casting wax (Chaperlin and Jacobs 

Ltd, Surrey) to the jaw. Eyelets for the attachments were made in blue rod casting 

wax (Dentaurum, D-7530 Pforzheim, Germany). After waxing-up, sprues were 

attached to the former assembly. This was followed by investment and casting in a 

cobalt-chromium alloy (Wisil M. Krupp, Germany). The plates were finished using 

standard procedures. Nylon cords (diameter 2 mm) were fastened to the cobalt- 

chromium plates and run over the pulleys in the rig (Figure 4) to represent the 

masseter, medial pterygoid and temporalis muscles. The pulleys were positioned so 

that the cords were aligned to the mandible in a similar way to the respective muscles 

as determined by Abdel-Latif (1996).
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M ounting Rig
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P u l l e y s

S t a i n l e s s -  

e y e l e t

C o b a l t -  

c h r o m i u m  p i

L i n e a r  v a r i a

d i f f e r e n t i a l

t r a n s f o r m e r

Figure 4. The mounting rig with the edentulous mandible held in 
place by nylon cords.

Ok

Figure 5. A force of 70 N was applied to the left implant using a 
loading beam force applicator (red arrow).
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The vertical position of the mandible anteriorly was maintained by a cord 

looped labio-lingually around the symphysis, threaded downwards through a stainless 

steel eyelet and fastened to a cantilever steel beam fixed to the base of the rig. This 

was 200 mm long, 16 mm wide and 5 mm thick.

A sliding beam was mounted on a cantilevered steel beam with a forward 

projecting hinge at the back to apply a vertical load either on the symphysis, the right 

or the left implant (Figure 5). The beam (280 mm long, 9.5 mm wide and 6.3 mm 

thick) was described as the force applicator. The loading tip of the beam was formed 

from the end o f a 4 BA screw projecting 1 mm through a 4 BA threaded hole and 

centred 3 mm from the end o f the beam. Four linear, temperature-compensated strain 

gauges were attached to calibrate the beam. Two strain gauges were mounted to the 

lower and two to the upper surfaces of the beam and aligned opposite each other using 

a technique similar to that described in section 2.2.2. The strain gauges were wired 

into a Wheatstone half-bridge circuit and connected to NT9 modules in a C56 

transducer meter (section 2.2.5).

2.2.4 Measurement of in-vitro mandibular deformation (mechanical

model)

Three sets o f electronic displacement transducers based on a strain gauge 

beam design were fabricated to fit to the transmucosal abutments (TMAs) for the 

measurement of:

1. Symphyseal dorso-ventral (DV) shear

2. Corporal rotation (CR)

3. Medial convergence (MC)

88



2.2.4.1 Measurement of dorso-ventral shear (mechanical model)

Dorso-ventral (DV) shear is the movement of the two halves of the mandible 

relative to one another in the vertical plane, and would be observed as changes in 

orientation of the top of the implants in the sagittal plane (Abdel-Latif 1996).

Two separate brass strain gauge beams (69 mm x 7 mm x 1 mm) crossing each 

other without touching were designed (Figure 6). Each beam was fixed on top of a 5 mm 

abutment on one side and rested just above the crest of the ridge in the molar region on 

the other side. They were described as crossed beams. The beam that was fixed on the 

right implant was designated as the left beam and it recorded deformation on the left side 

of the jaw. The beam fixed to the left implant was designated as the right beam and it 

recorded deformation on the right side. These beams carried two temperature- 

compensated linear resistance 5 mm strain gauges (TSM Ltd, No 3 \ 120 \ PCI 1. 

Coleraine, Londonderry, N. Ireland) on their superior and inferior surfaces which were 

located opposite each other over the centre of the beam with their long axes parallel with 

that of the beam. Two shorter and stiffer cantilever beams (30 mm x 7 mm x 1 mm) 

projected backwards from each implant over the ridge and were in contact with the 

crossed beam via an adjustment screw (Figure 6).

The crossed and cantilever beams were made of brass. They were first placed over 

the replica implant abutments on the subject's dental cast using a square Nobel Biocare 

impression coping, which had been adjusted to a diameter of 4.0 mm (Figure 6). A 4.0 

mm hole was then drilled at one end of each beam. The beams were glued together in the 

appropriate orientation, using Duralay (Inlay Pattern Resin, Reliance Dental MFG. CO, 

Worth, 111., USA). The complete assembly was removed and embedded in orthodontic 

plaster (Christal R, Engineering stone, British Gypsum). With the plaster set, the Duralay 

Resin was softened and removed. Zinc chloride solution and antiflux were applied to the 

beams before soldering. The beams were then soldered together at one end using tin/lead
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solder (Kester "44" Rosin Core Solder type 361A-20R, Measurement Group Inc. Raleigh, 

NC, USA). The beams for the other side were set up in the same way.

DV shear resulted in the relative vertical displacement of the ends of the 

cantilever beams, which was measured by the strain gauge crossed beams. The 

displacement was standardised by being expressed as an angular change between two lines 

parallel with the lower borders of the right and left mandible and projected onto the 

median sagittal plane to provide a reproducible measurement scheme. This was based on 

an assumption by Hylander (1984) that DV shear is characterised by the relative vertical 

rotation of the mandibular corpora around a transverse horizontal axis through the 

mandibular symphysis (Fig 2). The beams were calibrated to record displacement at their 

free ends as described in section 2.2.4.1.1.

The DV shear was calculated from the raw data, which were downloaded into a 

spreadsheet using the known geometry of the jaw and the measurement system (Fig 7). 

The means of the determined deformation angles for the right and the left sides were 

calculated and used as the final measure of the dorso-ventral shear angle.

Figure 6. Occlusal view showing the two crossed beams mounted 
on 5 mm abutments. Right beam (R), left beam (L).
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Figure 7 illustrates the principle of the measurement procedure, a and b are the 

locations of the fixture, and Bb and Aa the cantilever beams. EA represents the 

vertical displacement of the end of the crossed beams. The cantilever beams when 

extended meet at C. CD is the bisector of the angle ACB. The lateral view of the 

assembly shows triangles ACE and DCF. The triangle DCF is the projection in the 

medial sagittal plane o f the triangle ACE in which the angle DCF represents the 

deformation in that plane.

To obtain the dorso-ventral shear angle, DCF was calculated 

tan DCF = FD / DC (6)

FD is known since FD = EA, and EA is the vertical displacement as 

determined by the effective displacement of the sensing end of the beam. Thus 

tan DCF = FD / DC

= EA / cos 0 X AC

.'. tan DCF = change in height as measured / cos 0 x (beam length + 

extension).

E

Occlus il view Lateral view

Medial sagittal view
D

Figure 7. Diagram of the geometric scheme used to calculate dorso-ventral shear as 
an angle projected onto the medial plane (after Abdel-Latif 1996).
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2.2.4.1.1 Calibration of the crossed beams

Each beam was calibrated separately before and after the experiment using a 

specially constructed jig (Figure 8). A length of 2 mm thick, 65 mm wide, extruded 

aluminium channel was cut into two, 150 mm long pieces which were bolted together 

to form a platform. A dial gauge was bolted on the top of one side and opposite the 

gauge an acrylic block (37 mm x 23 mm x 20 mm) was fixed with screws. This block 

housed a pointed brass stop screw aligned with the long axis o f the plunger of the dial 

gauge. A second acrylic block with the same dimensions was also fixed on the 

platform, which was used to mount the transducer beam for calibration using the 

mounting screw. The beam was then mounted horizontally on its side with the sensing 

end aligned over the tip o f the screw. It was slowly advanced until it just contacted the 

beam, as shown by completion of an electrical circuit using a multimeter. The output 

of the Microlink was then adjusted to zero, the dial gauge pointer brought into contact 

with the beam and the gauge zeroed in this position (Figure 8). Calibration was 

performed by advancing the pointer a distance of 0.2 mm and back using the set 

screw. This procedure was repeated 10 times for each 0.2 mm up to 1 mm in 

compression and tension. The output from the amplifier was captured in the Microlink 

and recorded in a separate file; the data capture software being used to suitably scale 

the signal (see section 2.2.5).
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Figure 8. Calibration of the beam used to measure dorso-ventral shear.

2.2.4.2 Measurement of medial convergence (mechanical model)

Medial convergence (MC) is the change in mandibular width during function. 

It would be observed as a change in the orientation of the top of the implants in the 

horizontal plane.

A semi-circular brass beam was designed to fit on top of 5 mm abutments

on both sides of the mandible (Figure 9). A flat-sided beam (0.4 mm x 10 mm x 52

mm) was bent around a circular bar (diameter 25 mm) to form a curved beam. A 5

mm length of each end was bent upwards and flattened to give two flat surfaces

through which centred holes were drilled to allow the beam to be placed over the

trans-mucosal abutments and retained by means of brass screws and spacer washers.

Two temperature-compensated, linear-resistance 5 mm single strain gauges (TSM

Ltd, No 3\120\PC11, Coleraine, Londonderrry, N.Ireland) were fixed opposite each
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other on either side in the middle, with their long axes parallel to that of the beam. 

These were bonded to the surface of the beam in the way described in section 3.4.4. 

The gauge leads were soldered to a self-adhesive connection mounted on the beam, 

and the circuit was completed with fine wire (BICC cable type A specification BSG 

210, Ref. DEFSTAN 61-12 TP.8) which connected the gauges to the amplifier. The 

completed beam was mounted on the top of 5 mm TMAs with brass screws and 

spacer washers to aid in the accurate positioning of the transducer beam. The entire 

gauge assembly was coated with Vycoat AC A 60 (PVC coating) waterproofing 

compound according to the manufacturer’s instructions (Plascoat Systems Ltd, 

Trading Estate, Farnham, Surrey GU9 9NY).

Figure 9. An occlusal view showing the semicircular bridge beam used to 
measure medial convergence.
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2.2.4.2.1 Calibration of the semicircular beam

The semi-circular beam was calibrated using a two-axis sliding table 

controlled by digital micrometers (Figure 10). The beam was mounted horizontally, 

with one end on the table and the other on its housing. The long axis of the beam was 

parallel with the x-axis of the table and it was mounted on two tailor-made clamps. 

The micrometer was zeroed at this start position and its tip moved a distance of 0.02 

mm and then returned to zero. The procedure was repeated five times and the 

displacement was recorded with the Microlink (see section 2.2.5). Scaling was again 

performed via the software. The procedure was repeated 10 times for every 0.02 mm 

movement of the beam up to 0.1 mm in compression and tension modes.

I

Figure 10. Calibration of the semi-circular bridge beam.
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When using transducers to measure displacement it is clearly essential that the 

measurement system in itself does not influence the deformations, which it is being 

used to determine. The bridge beam used to detect medial convergence could 

potentially reduce that change by virtue o f its stiffness. Therefore it was decided to 

investigate this by comparing the detection of medial convergence clinically using 

either a linear variable differential transformer (LVDT) or a bridge beam under 

identical loading conditions.

2.2.4.2.2 Measurement of medial convergence using a linear variable 

differential transformer (LVDT)

2.2.4.2.2.1 Description of the measuring apparatus

A miniature linear variable differential transformer (LVDT) (RS Components, 

Corby. Type SMI, Stock No 646527) was used to measure the displacement between 

implants that occurred under loading (Figure 11). This is a displacement transducer 

consisting o f two components:

1) A hollow, stainless-steel cylinder (19 mm long and 8.5 mm wide) with a 

wall thickness o f 3 mm and internal diameter o f 3.5 mm.

2) A cylindrical, nickel-iron core (9.9 mm long and 2.5 mm wide). The core is 

mounted on a stainless-steel push rod (15 mm long), and is freely movable within the 

cylinder.

Contained within the walls of the cylinder are three coils, one for the purpose 

of energisation, and two pick-up coils for generating the output signal. The energising 

voltage used was 5V a.c. The output amplitude o f the device is directly proportional 

to the position o f the core in relation to the pick-up coils. The instrument is capable o f 

highly accurate measurement o f displacements over a range of ±lmm, the degree of 

non-linearity being 0.5% of stroke. A large degree o f radial clearance exists between
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the core and the coil assembly; this allows fnctionless operation and reduces the 

accuracy of guidance required. The output signal from the LVDT was detected and 

amplified by a transducer amplifier module (Type NT9, Sangamo Transducers) 

mounted in a transducer meter (Type C56/12/D, Sangamo Transducers) which 

included a digital read-out display.

2 2.4.2.2.2 Apparatus for calibration of the LVDT

Before commencing displacement measurements, calibration of the LVDT 

was performed with a dial-gauge (Figure 12). A length of 2 mm thick extruded 

aluminium (255 mm by 60 mm) was used to form a tray for mounting the apparatus. 

The sides o f the tray were 10 mm high with a 4 mm lip projecting over the tray. A dial 

gauge, calibrated in units of 0.002 mm, was bolted to one end o f the tray. This had 

been modified by fitting a brass extension rod (diameter 3 mm, length 95 mm) onto 

the spring loaded plunger. This extended down the length o f the tray and terminated 

in a sharp point. A customised, adjustable housing for the LVDT was made of brass 

and mounted on an acrylic block. The coil assembly section o f the LVDT was 

horizontally mounted on the opposite end o f the tray so that the central long axes were 

concentric. A brass rod, 13 mm long and 5.9 mm in diameter, was mounted vertically 

on an acrylic block. The rod had been mounted to slide longitudinally between the 

vertical sides o f the tray while supporting the assembly. It was located between the 

dial gauge and the coil assembly. The long axis o f the rod transected the central long 

axes o f the LVDT housing and the dial gauge plunger. The nickel-iron core was 

screwed into a transverse threaded hole in the upper part of the rod by means of its 

stainless-steel push rod. The brass rod was positioned so that the core projected from 

it into the coil assembly in the correct alignment. The block could be moved along the 

length o f the tray; vertical movement being prevented by the lips on the sides. A brass
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rod (diameter 2.6 mm) passed horizontally through the base o f the block on which the 

coil assembly was mounted, and could be rotated freely by a finger grip at its free end. 

Its terminal portion was threaded and projected into a threaded hole in the core 

mounting. The finger grip on the external end o f the screw allowed it to be turned 

manually, thereby causing movement of the block, and hence movement o f the core. 

The brass extension rod fitted to the dial gauge terminated against the other side of the 

push rod. Thus the distance moved by the core could be directly read off the dial 

gauge.

2.2.4.2.23 Mounting the LVDT on the mandible

The LVDT was mounted on the mandible in the following manner (Figure 

11). A square Nobel Biocare impression coping was reduced to one half o f its height. 

The base of a brass cylinder (8.2 mm in diameter and 13 mm in length) was bored out 

transversely near one end using a lathe to create a cylindrical cavity o f a height and 

internal diameter equal to the residual height and width of the impression coping. A 3 

mm central hole was then drilled down the long axis o f the cylinder. The transfer 

coping was next pressed into the recess in the cylinder, and was held in position by 

tight frictional fit. The cylinder and coping were then mounted on one o f the abutment 

analogues on the mandible using a matching titanium screw. This was passed down 

the central hole in the cylinder, through the transfer coping and secured in the implant 

analogue. This provided the mounting for the coil assembly. An identical brass 

cylinder with a transverse threaded hole was similarly mounted on the contra-lateral 

distal implant analogue. The LVDT core was screwed onto it, and the mounting 

adjusted in position so that the core was in correct alignment with the coil assembly. 

The connections were then made to the amplifier and chart recorder.
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Figure 11. The LVDT was mounted in brass housings on the mandible. 
Transfer copings are inserted into the bored-out bases of the housings, 
which are screwed to the abutment analogues.

Figure 12. The LVDT calibration apparatus. The dial gauge and coil 
assembly are mounted on fixed acrylic blocks, (a) and (b) respectively. The 
block on which the core is mounted is moveable by means of threaded screw 
and finger grip (c).
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2.2 4.2.2.4 Study of the force necessary to deform the bridge beam

2.2.4.2.2.4.1 Description of the measuring apparatus

The displacement characteristics o f the bridge beam were determined by 

mounting it on the two-axis sliding table (see section 2.2.4.2.1). The bridge beam was 

secured on two abutments, one of which was mounted vertically on the table and one 

vertically on its housing. The long axis o f the beam was parallel to the x-axis of the 

table. The force necessary to deform the bridge beam in the horizontal plane was 

detected by means o f a force detector beam mounted on the table via a vertical pivot. 

It consisted of a steel beam (11 mm long, 4 mm wide, 3 mm thick) (Figure 13). The 

long axis of the beam was parallel to the y-axis of the table and its sensing end was 

just in touch with one of the abutments. The other end was just in touch with a brass 

stop screw inserted through a threaded whole in an acrylic block (Figure 13). Two 

strain gauges were mounted on the lower and upper surfaces of the beam and aligned 

opposite each other using a technique similar to that described in section 2.2.2. The 

gauges were wired into a Wheatstone half-bridge circuit and connected to NT9 

modules in a C56 transducer meter (section 2.2.5). The force detector beam was then 

calibrated before and after the experiment as described in section 2.3.1.1 (Figure 14).

The micrometer was zeroed at the start position and its tip moved a distance of

0.01 mm and then returned to zero. The procedure was repeated five times for each 

increment, providing force / displacement data which are shown in Figure 1 and Table 

1 (Appendix I).
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Figure 13. The force measuring apparatus. The long axis of the force 
detector beam was parallel to the y-axis of the table and its sensing 
end was just in touch with one of the abutments.

Figure 14. Calibration of the force detector beam. Incremental 
weights of up to 1 kg were hung from the sensing end of the beam at 
the application point.
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The force necessary to produce medial convergence at the premolar area in the 

mandible was also measured. A loading jig was constructed for this purpose. This 

consisted of a wooden base (260 mm long, 205 mm wide and 25 mm high) to which 

two vertical wood supports (15 mm thick, 205 mm high and 35 mm wide) were 

screwed, and joined above by a stainless-steel horizontal cross bar (125 mm long). 

The supports were 95 mm apart. The mandible with the LVDT in place was mounted 

vertically on the wooden base and secured in place by means o f custom-built acrylic 

blocks (Figure 15). An aluminium disc (diameter 48 mm, weight 15 gm) was screwed 

to the end of a cylindrical steel rod, which was axi-symmetric with the centre of the 

disk. The rod was 50 mm long and domed at its free extremity. It was inserted in a 

brass sleeve which passed through a hole drilled in the steel cross bar. The hole was 8 

mm in diameter and was axi-symmetric with the centre o f a slot on the top acrylic 

block where the domed end of the rod rested. It was freely moveable vertically along 

its long axis, and could be elevated by a pivoted steel bar which was mounted 

horizontally on the steel cross bar o f the assembly.

Weights were then applied in increments of 2,000 gm for periods of 30 

seconds, with 3 minute rest periods between applications. The loads produced force / 

displacement data which are shown in Table 2 (Appendix I). The maximum load 

applied was 20 kg.
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Figure 15. The loading jig. The mandible was held in position by 
means of acrylic blocks. It was supported by block A, to which it was 
lightly clamped using block B. Load was applied to block C, which was 
located by screws inserted into block D. Load application caused 
inward flexure of the mandible which was recorded by the LVDT.
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2.2.43 Measurement of corporal rotation (mechanical model)

Corporal rotation (CR) was measured by determining the relative outward 

rotation of the two implants as the corpora rotated and their coronal ends came further 

apart relative to their apices. This rotation was related to the changes in orientation of 

the tops of the implants in the transverse plane. Such an approach resulted in 

deformation being expressed as an angle (Figure 16).

A transverse cantilever brass beam (45 mm x 8 mm x 1 mm) was designed 

to fit to the top of one transmucosal abutment (TMA) using a brass screw and spacer 

washer to aid in its accurate positioning (Figure 17). The free end was directed 

slightly downward to cause a small pressure on the opposing TMA. The beam had a 

pair of 5 mm-long, temperature-compensated, linear-resistance gauges (TSM Ltd, No 

3\120\PC11, Coleraine, Londonderry, N. Ireland) fixed opposite each other in the 

middle of the beam with their long axes parallel to its long axis. These were bonded 

and insulated as described in section 2.2.1. The beam was then calibrated to record 

displacement at its free ends as described in section 2.2.4.3.1.

1

Figure 16. Diagram of the geometric scheme used to calculate corporal rotation 
as an angle projected onto the transverse plane.
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Figure 17. An occlusal view showing the transverse beam (red arrow) 
used to measure corporal rotation.

Figure 16 explains the principle of the measurement procedure: 

a and b are the locations of the implants, and 0 is the change in angulation of 

the top of the abutment.

tan 0 = h / 1 (7)

Where h is the change in the vertical position of the end of the beam at its bearing 

point on the TMA as determined by the effective displacement of the sensing end of 

the beam, and I is the distance between the implants.

This formula was used to convert the measured displacement of the sensing 

end of the beam for the effect of corporal rotation.
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2.2.4.3.1 Calibration of the transverse beam

The transverse beam was calibrated in the way described in section 2.2.4.1.1. 

The acrylic blocks were changed according to the length of the beam.

2.2.4.4 Mounting the beams

Initially one o f the crossed beams was attached to the transmucosal abutment 

using a retaining screw which secured the modified impression coping which carried 

the crossed beam and the cantilever. The second beam was then fixed in position with 

another retainer screw. On the end of the cantilever beam a 6BA screw was passed 

through a threaded hole and tightened with a nut until it was in contact with the 

opposite crossed beam tip. This was visually observed using a dental mirror. The nut 

was tightened to prevent any rotation o f the screw. The same procedure was repeated 

on the other side (Figures 18 and 19).

The semicircular bridge beam was placed over the heads o f retaining screws. 

On one side, a spacer was placed over the head of a retaining screw through which 

another screw was tightened into the head o f another retaining screw, clamping the 

spacer and the semi-circular beam. On the other head, a spacer was inserted and on 

top o f it the transverse beam was placed and secured by another screw passing 

through the beam and the washer securing them in the head o f the retaining screw.

The spacer washer on the first side was designed to allow the domed head o f  

the screw to pass through it to contact the free end of the transverse beam when it was 

secured.
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Figure 18. All the beams mounted on the dental cast (seen in elevation).

Figure 19. Three sets of transducers mounted on the two implants 

across the mid-sagittal line. Transverse beam (A), semicircular bridge 

beam (B) and two crossed beams (C). See text for details.
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2.2.5 Experimental procedure

2.2.5.1 Circuit design

All strain gauge beams and the 11 single strain gauges were connected to 

Wheatstone bridge circuits in half and quarter bridge designs, through a multi-channel 

amplifier and A/D conveter (Microlink 3000, Bio Data Ltd, Manchester) which 

provided the energising voltage and signal conditioning circuitry (Figure 20). Data 

were processed through the multiplexed A/D converter linked via an IEEE 488 

interface to a computer (Tandon 486 SX, 25). Processing was done using software 

supplied by the manufacturer.

The strain gauges of the force applicator were wired into a Wheatstone half

bridge circuit and connected via NT9 modules in a C56 transducer meter (Sangamo 

transducers, Sangamo Weston Controls Ltd, Sussex).

Data collection was controlled by software package Windspeed. With the data 

being stored in the PC’s hard disk in the form of digital files, it was possible to analyse 

them using a waveform analysis software package (Famos).

2.2.5.2 Description of file processing

The system consists of two software packages:

Windows for Microlink (Windspeed) is a data collection software program 

running under Microsoft Windows.

Fast analysis and monitoring o f signals program Famos is a data analysis 

software.
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Figure 20. Diagram showing the connection of the displacement transducers and the force beam to the computer.



2.2.5.2.1 Windspeed

Windspeed is subdivided into four main programs: Setupmil, Streamer, Chart 

Recorder and Review.

Setupmil was used to create customised set-up files which contained all the 

details needed to automatically configure the data acquisition hardware.

Setupmil provided up to 16 channels, o f which 11 were used and enabled for 

input from the 11 strain gauges used to measure mandibular surface strain, whilst four 

channels were used for data input from the displacement transducers used to measure 

jaw deformation.

To start the analysis, a Setupmil file was opened, named, and:

1. The type o f the transducer was designated

2. The input range and mode were chosen (-ve or +ve volts or millivolts)

3. The type o f the engineering unit was chosen, using the gauge factor from 

the manufacturers’ data and the Poisson’s ratio o f the metal. Subsequently 

the transducers were scaled as described in the section on calibration

4. The file was saved for subsequent use. Every time a file was opened each 

channel was zeroed using Setupmil

Streamer was used to load a previously recorded set-up file.

Chart recorder enabled data collection from the selected channels to be 

recorded by the PC. This was later configured and stored using the Review program.

2.2.5.2.2 Famos

Famos is a menu-driven software for use with data captured by the Windspeed 

program. The Windspeed software has been written to use Famos and together they 

form a complete waveform capture, display and analysis package.
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The signal was captured and stored in a file as detailed above. Immediately 

after this, Famos can be used to display and analyse the signal. Up to four waveforms 

can be displayed simultaneously. A waveform is interpreted by means of two cursors. 

The X and y values o f the cursors and the difference between them are then calculated.

2.2.6 Data collection

A decision was made to measure mandibular surface strain in relation to a

downward force applied sequentially to the symphysis and the right and left implants.

A data collection file was opened with the U gauges connected to the computer via
Of S  m  m

the Microlink, impression copings Twere mounted on the TMAs and the

force applicator (section 2.2.2) was used to apply a 70 N load along the long axis of 

the implant, simulating the load transfer from the super-structure to the implant. The 

output o f the strain gauges indicated surface strains in one direction, and the force 

applicator indicated the applied force as monitored on the digital display o f the C56. 

This procedure was repeated 10 times.

A further data collection file was opened in order to measure mandibular 

deformation. The two crossed beams were connected to the TMAs first, followed by 

the semi-circular bridge beam and finally the transverse beam. A downward force of 

approximately 70 N was applied in sequence to the symphysis and the right and left 

implants. This procedure was repeated 10 times. All the beams were calibrated before 

and after the experiment (see Appendix I).

2.2.6.1 Statistical analysis

To test for experimental repeatability, two sets o f repeated measurements of 

mandibular surface strain magnitudes under identical loading conditions were 

compared using a paired T-test (see Appendix I).
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A statistical procedure suggested by Bland and Altman (1986) was applied to 

test agreement between the two methods used to measure medial convergence (i.e. the 

semicircular bridge beam versus the linear variable differential transformer) where the 

differences between the measured values were plotted against their means (section 

3.3). The same method was also applied to test the agreement between the two 

methods used to detect mandibular surface strain (i.e. strain gauges versus the finite 

element model) where the differences between the predicted and measured strain 

values were plotted against their means (section 3.2.3.2).

2.3 In-vivo study

A group of five subjects was selected. The subjects were all female and aged 

between 68 and 75. None of the subjects suffered from any TMJ dysfunction, systemic 

disease or was using any medication which might have adversely affected neuro

muscular activity. Similarly, none o f them was known to be suffering from any 

abnormality of bone metabolism. Measurements were made during routine review visits. 

The subjects gave informed consent, and the project had local and regional ethical 

committee approval (Appendix I).

Each patient had one Nobel Biocare, endosseous implant (diameter 3.75 mm) 

placed bilaterally in the premolar region. The two implants were placed vertically to the 

lower border of the mandible and equidistant from the median sagittal plane.

Three sets of transducers were designed as described in the in-vitro study. 

Transducer beams were custom fabricated to match each subject’s jaw dimensions 

and implant positions. The dimensions of these beams are shown in Table 6 (Appendix

II).
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2.3.1 Force applicator

A loading device consisting of a hand-held steel strain gauge beam (280 mm x

9.5 mm x 6.3 mm) was constructed (Figure 21) for applying force to the implants. The 

loading tip of the applicator was made from the domed end of a 4 BA screw which 

projected 1 mm through a 4 BA threaded hole and centred 3 mm from the end of the 

beam. Four linear, temperature-compensated strain gauges were attached to this beam; 

two strain gauges on the lower and two on the upper surface of the beam, and aligned 

as in section 2.2.3. The gauges were wired in a Wheatstone half-bridge circuit and 

connected via NT9 modules in the C56 transducer meter. One channel was then 

connected to the Microlink and the other to a digital voltmeter to display the applied 

forces during the study.

Figure 21. The force applicator used to apply a downward force to each 
implant.
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2.3.1.1 Calibration of the force applicator

l  lie force beam was calibrated before and after the experiment. This was done 

by securing the handle horizontally (using a spirit level) to a laboratory bench top 

vice and applying vertical forces to it (Figure 22). Incremental weights of up to 2 kg 

were hung from the end of the beam at the loading point. The gain of the amplifier 

was set to give an appropriate output. The amplifier was connected to the Microlink 

where its output was digitised and recorded in the PC. The loading cycle was 

repeated 10 times.

Figure 22. Calibration of the force applicator.
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2.3.2 Clinical procedure (data collection)

Displacement transducers were calibrated before commencing measurements on 

each subject. The superstructure was removed so as to gain access to the transmucosal 

abutments. The two crossed beams were connected first (Figure 23), followed by the 

semicircular beam (Figure 23) and finally the transverse beam (Figure 23). The relevant data 

collection file was opened and the subject was asked to perform the following exercises, five 

times in succession:

1. Maximum opening (Max O) of the mouth followed by closing

2. Mid-way opening of the mouth followed by closing

3. Lateral excursion to the left and right (LLE, RLE)

4. Protrusion (P) of the jaw

The subjects were then asked to open their mouths to the maximum and then mid

way as monitored by the waveform display on the computer screen. A further data 

collection file was opened. The force applicator was used to apply a 20 N downward force 

(as registered on the digital display of the C56) to the top of each of the fixtures in turn:

1. Force applied on the right implant at maximum opening

2. Force applied on the left implant at maximum opening

3. Force applied on the right implant at mid-way opening

4. Force applied on the left implant at mid-way opening

While the in-vitro study had used a higher load of 70 N, in the in-vivo study the load 

was kept to the minimum in order to minimise patient discomfort. Abdel-Latif (1996) found 

20 N to be the minimum force for measuring deformation in subjects treated with dental 

implants.
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Figure 23. Custom fabricated displacement transducers used to measure different types of mandibular deformation for 
subject 1. (1) Two crossed beams for the measurement of dorso-ventral shear (2) semicircular bridge beam for the 
measurement of medial convergence (3) transverse beam for the measurement of corporal rotation (4) the full assembly 
of the four beams in place.



Lateral skull radiographs and CT-scan images had been recorded for all 

subjects as part of their routine implant treatment. Additionally, the following 

variables were measured:

1. The height of the jaw at the symphysis

2. The width of the jaw at the gonial angle

3. The distance between the two implants

Further, the cross-sectional areas at various locations along the mandible 

were obtained from the CT-scans (Table 5). The locations included the symphysis, the

right premolar area (i.e. implant location), the right molar area, and the right condylar

neck area (the smallest condylar neck cross section).

Subject Age Sex Jaw
width
(mm)

Implant
separation

(mm)

Symphyseal 
cross section 

(mm9

Premolar
cross

section
(mm^)

Molar
cross

section
(mmO

Condylar 
neck cross 

section 
(mm9

1 75 F 87.3 30.2 190.0 179.3 160.2 51.4

2 73 F 85.4 34.5 185.1 165.8 280.0 55.4

3 68 F 91.2 40.1 180.2 150.0 265.4 55.2

4 69 F 109.3 31.5 189.2 164.3 265.8 58.2

5 71 F 83.5 30.0 180.8 160.2 300.3 52.4

Table 5. Subject variables.
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2.3.3 Statistical analysis

The large number of variables and relatively small number o f subject data 

made statistical analysis o f the data difficult. On the advice of a senior medical 

statistician, who was consulted throughout the project regarding appropriate statistical 

methods, a decision was taken to analyse the interrelationship between the measured 

jaw deformation (yik; i = MC, CR, DV and k = 1, 2, 3, 4, 5 subjects) and each subject 

variable (xjk; j = 1, 2, 3 ,4 , 5, 6 variables) using a weighted least square equation: 

yi = a  + bxi

where Wk = 1 / Vk is the appropriate weight and Vk is the variance o f y, (jaw 

deformation) for the k̂  ̂individual.

A similar equation was also used to describe the relationship between any two 

of the three types o f jaw deformation (MC, CR and DV).

In order to study the correlation between each o f a subject's variables and a 

particular jaw deformation pattern during maximum opening, protrusion, and right 

and left lateral excursions, four regression lines were plotted separately. The 

differences between the slopes of these regression lines were investigated using the 

statistical F-test (Armitage and Berry 1994).

Statistical analysis was conducted using the statistical package SPSS version

10.
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2.4 Finite element study

2.4.1 Introduction

The construction o f a finite element model (FEM) o f the human jaw based 

on computerised tomography will be described in detail in this section. The 

differences between the in-vitro and in-vivo models will be addressed in due 

course. Building a FEM can be divided into two stages — geometric modelling and 

finite element modelling.

2.4.1.1 Geometric modelling

The purpose o f the geometric modelling stage is to represent geometry in 

terms o f points (grids), lines, surfaces (patches) and volumes (hyper-patches). For 

example, a simple plate may be modelled by generating four comer points (grids) 

by defining their co-ordinates. These are then joined to create four lines (Figure 

24). Joining the two opposite lines will create a surface (patch). This surface is the 

geometric representation o f the plate. Although the plate has a third dimension 

(i.e. thickness), the geometric representation ignores the third dimension at this 

stage o f modelling if  a shell representation is sought for the plate. However, if  the 

third dimension is o f significance, one may decide to model it as a solid structure. 

In that case, the existing patch is translated into the third dimension by the amount 

o f thickness. By joining opposite patches in the direction o f thickness, a volume 

geometry (hyper-patch model) is obtained. This representation o f  the geometry in 

terms o f  grids, lines, patches and hyper-patches is referred to in this section as the 

geometric model. These geometric entities could be defined as follows:
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• Grids or points in three-dimensional space are the basic building blocks o f the 
model.

• Lines are formed by connecting two or more grids.

• Patches are geometric entities which define a surface in three-dimensional (3D) 
space.

• Hyper-patches are geometric entities which define a volume in 3D space. 
Solid meshing is created on these entities to create a solid 3D model.

Figure 24. Geometric modelling o f a plate, (a) grids (b) lines (c) 

patches and (d) hyper-patches.
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2.4.1.2 Finite element modelling (FEM)

Finite element modelling is described as the representation o f the 

geometric model in terms o f a finite number o f elements and nodes, which are the 

building blocks o f the numerical representation o f the model for solution.

In addition to information about elements and nodes, this model also 

contains information about material and other properties, loading and boundary 

conditions. This stage o f modelling can be carried out by performing the 

following steps:

2.4.1.2.1 Element generation (discretisation)

After the mesh areas and volumes have been generated, they have to be 

further subdivided into elements. This can be performed by mapping the geometric 

entities with finite elements and nodes. The complete geometry is thus defined as 

an assemblage o f discrete pieces called elements connected together with a finite 

number o f points called nodes. The mapping is usually performed by automatic 

and semi-automatic options available in the finite element software.

The choice o f an appropriate element type will depend on the expected 

response o f the model and the objectives o f the analysis. A variety o f element 

types can be used in finite element modelling. They can be categorised by family, 

order and topology.

The family o f the element refers to the geometry and displacement that the 

element models. The one-dimensional beam and the two-dimensional thin shell 

are among the most common family types used for structural models. Beam 

elements are useful in modelling a beam-like structure whose length substantially 

exceeds its other dimensions and whose overall deflection and bending moments
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are easy to predict. With this element type, however, one cannot predict local 

stress concentrations at the vicinity o f the load or at joints (Burnett 1987). Thin 

shell elements are suitable for modelling structures that are thin in respect to other 

dimensions, such as sheet metal objects in which bending forces are crucial 

(Burnett 1987). Shell elements will not predict stresses that vary through the 

thickness o f  the shell owing to local bending effects. The most general element 

belongs to the solid family, but a model made up solely o f solids will require a 

higher number o f  elements in order to deliver the same accuracy for bending 

applications as the thin shell provides.

Elements are also categorised by order. In this case interpolation functions 

approximate data in the domain o f the element by the number o f its nodes (Nath 

1974). There are linear, parabolic and cubic-order elements. Linear elements have 

two nodes along each edge, parabolic ones have three and cubic elements four 

nodes. When choosing the element order one has to consider the advantages and 

disadvantages linked to a high or low order. High-order elements have a higher 

number o f mid-side nodes which gives them more degrees o f freedom and makes 

them more flexible than low-order elements.

A degree o f freedom represents a node's liberty o f translatory or rotational 

motion in space. Beam or shell elements have six degrees o f  freedom at each of  

their unrestrained nodes — three translations (x, y and z) and three rotations 

(around the x, y and z axes). The unrestrained nodes in solid 3D elements have 

only three translational degrees o f freedom.

A higher degree o f freedom entails more variables in the stiffness 

formulation, which requires more computing. While more computing brings about
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better accuracy and interpolation o f the date, it is also more costly. Cubic-order 

elements are seldom used in finite element analysis.

Element topology refers to the general shape o f the element, such as 

triangular or quadrilateral. Topologies depend on the family o f the element. In 

general, quadrilateral elements are more suitable than triangular ones to complex 

structural modelling because, thanks to their higher degree o f fi*eedom, they can 

more accurately represent the true displacement function. It is also possible to 

combine different element topologies and element orders, such as triangular or 

tetrahedron and parabolic, to gain the most accurate representation and results.

2.4.1.2.2 Model verification

Model verification ensures that the model is physically and numerically 

correct and that all the elements generated earlier are acceptable to the finite 

element solver. It usually includes checking for any distorted elements and 

discontinuities using boundary plots (i.e. different viewing orientations, the 

removal o f hidden lines and shrink elements to confirm that the model is correct).

2.4.1.2.3 Problem definition

Element and material properties, along with loading and boundary 

conditions, are defined for the model during problem definition.

2.4.1.2.4 Editing and file management

Editing and file management is the last stage o f modelling and is useful in 

customising the input file to be generated to reflect the needs o f  the analysis type.

The above are the guidelines for modelling with a commercially available 

finite element software package. The actual strategy for modelling a realistic 

practical problem is essentially an art. The same problem can be modelled by
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a variety of approaches, and there are no rigid rules to follow. A brief 

description o f the finite element software (NISA) used in this project is given in 

the following section.

2.4.2 NISA

The NISA software was developed by Engineering Mechanics Research 

Corporation (EMRC), Troy, USA.

2.4.2.1 Display III is a three-dimensional interactive colour graphics 

program for geometric and FE modelling. Geometries are represented with the aid 

of points, lines, surfaces and solids which are created using one o f the numerous 

options available within the program. Automatic mesh generation is available and 

all boundary conditions and loads can be prescribed graphically. The program 

verifies the model and directly creates input files for the various solvers.

The program can provide animation, shading, hidden line and boundary 

line plots with options for window, pan and zooming. Colour plots o f the 

deformations, stresses, temperatures, velocities, pressures and other quantities o f  

interest are obtained within the program.

2.4.2.2 NISA Static is the linear and non-linear static analysis solver.

2.4.2.3 NISA Sensitivity Analysis is used to obtain response changes due 

to arising fi*om variations in a set o f design variables.

For the present analysis, the Display III, NISA Static, and the NISA  

Sensitivity Analysis were primarily used.
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2.4.3 Preliminary experiments in FEM

To gain confidence in using and applying finite element modelling, the 

strain on a simple beam, which resembles the general shape o f a long bone, was 

determined first mathematically and then using finite element modelling.

2.4.3.1 Mathematical model

The beam was subjected to simple transverse bending (Figures 20 and 21). 

The force, applied vertically to the longitudinal axis o f the beam, was resisted at 

the fixed support by a horizontal and vertical component as well as a moment. The 

greatest deflection was expected to take place at the restrained end o f  the beam 

(Bassin et a l 1988, Gere and Timoshenko 1991). Based on the predicted bending 

moments, two locations close to the restrained end o f the beam were arbitrarily 

chosen to ensure reliable strain readings (Figure 25). These two oppositely facing 

locations were meant to detect tensile strain on the upper surface and compressive 

strain on the lower surface during bending. They were also aligned on the same 

longitudinal axis o f the beam and the force acting perpendicularly to this axis.

Strain was derived mathematically from two beam formulae (Bassin et al 

1988, Gere and Timoshenko 1991). Normal stress for the straight beam owing to 

bending was determined according to flexure formula:

a  = (M) (Y) / (I) (8)

Then the strain was calculated by inserting the obtained stress value into 

Hooke's law:

8 = (ct) / (E) (9)

The flexure formula gives the maximum normal stress (a) in a beam

subjected to an internal or resisting bending moment (M). (M) was obtained by
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multiplying the force magnitude with the distance from the point o f force 

application to either point A on the upper surface o f the beam or point B on the 

lower surface. The distance (y) was measured perpendicularly to the neutral axis 

and was equal to one half o f the external beam diameter. The stresses above the 

neutral axis were given negative signs and the stresses below positive signs 

(Bassin et a l 1988). In applying the flexure formula, the moment o f inertia had 

also to be determined. The moment o f inertia o f a beam-like structure is given by: 

l  = [%(d^o - d H ) ] / 6 4  (10)

Where do, di  represent the outer and inner diameter, respectively

2.4.3.2 Finite element model

The dimensions o f the cantilever beam were used for the creation o f a 

three-dimensional finite element model (FEM) in the computer (Figure 26). The 

beam structure was divided into separate entities, which were modelled as solid, 

brick-like elements with the aid o f the Display III program and a desktop 

computer (Paun, Intel MMX Pentium III 333 Processor). The 3D graphics were 

displayed on a high resolution colour monitor (12. F TFT).

The beam was assumed to be made o f stainless steel, and its material 

properties were treated as homogenous and similar in all directions (i.e. isotropic). 

Hence, a modulus o f elasticity (E) o f (200 x 10 )̂ N  / mm  ̂and Poisson's ratio (v) 

o f 0.29 were used to determine the strain (Bassin et al  1988).
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Centroidal axis

Figure 25. Lateral view o f the cantilever beam. The thick arrow shows the 

direction and position of a vertical force F. Its distance from points A and 

B was 35 mm, respectively.

r
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Figure 26. Stainless steel beam. Dimensions in millimetres.
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The region near the fixed end of the metal tube was subdivided into smaller 

elements since higher strain gradients were expected to occur in that area. Initially one 

finite element model was constructed where all mesh volumes were divided into solid 

linear brick elements (Figure 27). The FEM-1 was thus composed of 175 elements 

and 450 nodes with 1,350 degrees of freedom. The metal tube was loaded with three 

consecutive forces -  50 N, 100 N and 150 N. Together the loads and the restraints 

form the so-called 'boundary conditions' of the FEM. After checking the FEM for 

discontinuities (i.e. gaps), the model was solved for displacements and strains. When 

the displacements in a FEM become increasingly continuous, the numerical solution 

approaches the true value. The model was refined to converge the displacement by 

increasing the number of elements. Thus the original FEM (FEM-1) was copied to 

create finite element models 2, 3 and 4 (Figure 27). This procedure is known as the h- 

convergence test, where the degrees of freedom of several finite element models are 

plotted against the calculated displacement values.

FEM-1

FEM-3

L
FEM-2

FEM-4

Figure 27- Finite element models of the cantilever beam structure. To 
perform the /i-convergence test, the initial FEM (FEM-1) was copied into 
increasingly refined meshes, creating FEM-2, FEM-3 and FEM-4.
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2.4.4 Imaging procedure

Imaging was carried out at the Harley Street Imaging Centre in London. 

Computer tomography (CT), a non-destructive imaging technique, was the method of 

choice.

In the in-vitro study, the dry mandible was placed on the CT scanner table 

(Siemens Somatom DR 2, Siemens Gmbh, München, Germany) with the mid-sagittal 

plane of the mandible coinciding with that of the gantry. Hence, the plane of section (i.e. 

the X-ray beam of the CT scanner) was perpendicular to the plane formed by the lower 

border of the mandible (i.e. horizontal plane). The frontal plane was chosen as the plane 

of imaging because it best depicted the cross sections of the jaw and thus the cortical bone 

area (Daegling 1989) (Figure 27). The mandible was imaged with thin collimation (2 mm 

thickness) and small slice intervals (2 mm table increments) to give a high image quality 

for 3D reconstruction (Ney et al 1991), resulting in 87 serial sections for the whole 

mandible. The width and height values of the sections were represented by x and y- 

coordinates, respectively, and the depth was given by the z-coordinate. The mandible was 

also imaged in the mid-sagittal plane as this was thought to best depict the symphyseal 

region labio-lingually and the temporomandibular joints antero-posteriorly. Cross- 

reference markers related one sagittal cut and one coronal cut to each other so that the 

images in the two planes could be coordinated.

For the in-vivo study, each subject was asked to lie in a supine position on the 

unit’s gantry bed. Before being placed in the magnet, the subject’s head was aligned with 

the aid of a laser-light referencing system so that the menton-gonion (mandibular) plane, 

which is formed by the lower border of the mandible, was perpendicular to the plane of 

the gantry bed. The lower jaw was then scanned as described above. The temporo

mandibular joint was scanned in four positions: maximum opening, protrusion and lateral 

excursions.
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Figure 28. Cross-sectional images o f the scanned mandible. The images 
are numbered in the lower right corner from patient left to right. Tick 
marks along the side o f each cross-sectional image locate the cross- 
sectional images in the z-direction. Arrows indicate counting direction. 
The cross-sectional images have the same magnification with a 
magnification factor in the range o f 0.99 to 1.01.
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2.4.5. Tracing and digitisation

The contours o f the bone sections and the border between cortical and 

cancellous bone were traced. For each section, separate endosteal and periosteal 

outlines o f cortical bone were mapped. Each outline was closed across the alveolar 

crest by means o f a straight interconnecting line. Calibration bars on each image 

were used to scale and reference the outlines to a common origin.

All tracings were digitised with an image analysis system (computerised 

digitiser, IB AS, Zeiss / Kontron, Eching, Germany) using a software program 

(Kord, Kontron Bildanalyse GmbH, Eching / München, Germany) with a 

resolution o f  one point per 0.3 mm on the original tracing, and stored on a 

computer disk. O f the 54,000 digitised points, 2,800 were selected to describe the 

boundary o f  the cortical bone outline cross section. This was achieved by setting 

the digitiser to record the co-ordinates o f 50 evenly spaced points around the 

contour o f each section. This number was chosen as it has been found to be 

adequate in rendering satisfactory outlines o f  complex shapes such as muscle and 

tendon outlines (Lam et al 1991).

The contour data o f the sections were transformed using a translator 

software written by EMRC (Engineering Mechanics Research Corporation, Troy, 

Michigan, USA) to co-ordinate points and read by the finite element program 

Display III.

For each closed outline, the points were re-assembled by computer 

algorithm to create equal inter-point spaces and clean eventual errors in 

overtracing. Since the jaw was scanned antero-posteriorly in the fi^ontal plane, the 

X and y-coordinates represented the width and height values o f the sections
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respectively, whereas the depth was given by the z-coordinate (Figure 29). When 

seen from the front, the + x-axis was oriented toward the right, the + y-axis 

upward and the + z-axis oriented forward (anteriorly).

( 10 .0  1 0 . 0 )

( 10 .

( 1 0 .0  10 . 0 )

- 1 0 . 0 )

Figure 29. The planes o f the co-ordinates (x, y, z) which represent 

the width, height and depth of the scanned mandible, respectively. 

The same system was used to build finite element models throughout 

this study.
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2.4.6 Construction of a finite element model of the human jaw

2.4.6.1 Geometric modelling

The reconstruction o f the jaw surfaces from a set o f digitised images was 

performed with the Display III computer program. Once the raw data had been 

entered into Display III in the form o f spatial co-ordinates, each closed outline 

was converted into a so-called profile. Each profile represented the corresponding 

sectional outlines (Figures 30 and 31). These profiles were arranged to be equally 

spaced (i.e. 2 mm apart, which corresponded with the CT-scan slice intervals). It 

was expected that the connection between corresponding points o f adjacent 

profiles would minimise surface distortion. However, equal spacing between 

profile points alone did not prevent twists in surface creation because o f the 

dissimilarity and irregularity in the curvature o f the adjacent sections. This 

limitation was not uniquely related to the program and has already attracted the 

attention o f computer graphics specialists (Ney et al 1991). The profiles were 

transformed into patches in Display III (Figures 30 and 31). Each patch was 

divided into four patches at four landmarks. This was done to create four-sided, 

interconnected, brick-shaped volumes or 'hyper-patches' (Figures 29 and 32). The 

location o f the divisions along each cortical outline occurred mainly in areas o f  

high contours, which were generally located at the superior, inferior, medial and 

lateral portions o f the patch. Thus more detailed mesh volumes could be created in 

regions with complex shapes where the creation o f a smaller number o f elements 

would provide sufficient accuracy without loss o f structural response. The inner 

part o f each cross section, i.e. cancellous bone, was also divided into four-sided 

volumes or 'hyper-patches' and a cube core-like structure representing the
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cancellous bone. It became evident during modelling that the manipulation o f  

small groups o f patches and hyper-patches at the same time for their final 

assembly into the complete structure was less demanding both on the computer 

system and the operator. The above mentioned method was used to model the 

anterior part o f the mandible (i.e. mandibular body). To form the rest o f the 

model, the division o f  each cortical bone section was guided by the presence o f  

ridges which reflected the orientation o f the long axis o f the jaw.

Thus, in interconnecting all corresponding points, the lower and upper 

landmarks formed roughly a line which ran from the inferior region o f  the corpus 

along the mylohyoid ridge up to the posterior border o f the ramus, condylar neck, 

upper lateral pole o f the condyle and then down to the mandibular notch, coronoid 

process, followed by anterior border o f the coronoid process and the superior and 

lateral-most portions o f the alveolar bone.

2.4.6.2 Model discretisation

The next step was to create several volumetric shapes, which would jointly 

represent the final finite element model o f the mandible. The geometric entities 

created in the previous step were mapped with finite elements and nodes. The 

complete geometry is now defined as an assemblage o f discrete pieces called 

elements which are connected together at a finite number o f points called nodes 

(Figures 34 and 35). The mapping was performed with the semi-automatic 

programming option Finite Element Generation (FEG), available in Display III.

The FEG was used to generate a finite element mesh by mapping elements 

and nodes on geometric entities like hyper-patches. In order to obtain a finer mesh 

at a region (e.g. condylar neck), the mesh size was controlled by the zoom factor.
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Figure 30. Modelling stages of cortical bone cross sections: (a) grids (b) 
lines (c) patches and (d) hyper-patches. Each cross section was divided 
at four landmarks to create four brick-shaped volumetric hyper-patches.
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Figure 31. Antero-lateral view of the completed grids and sectional 
outlines of the mandible.
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Figure 32. Antero-lateral view of the completed patch model o f the 
mandible.
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Figure 33. Antero-lateral view of the completed hyper-patch model of the 
mandible.
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special attention should be paid when developing a finite element model since 

it is critical that the created mesh volumes provide a reasonable geometric aspect 

ratio (Huiskes and Chao 1983). In order to maximise the accuracy o f the model, one 

could theoretically subdivide a mesh volume into a large number of very small 

elements. However, this should be weighed against increased requirements on 

computer memory and processing time.

The mesh volumes were subdivided into brick-shaped (six-sided with 24 

degrees of freedom) and wedge-shaped (five-sided with 18 degrees o f freedom) solid 

linear elements because after its subdivision into elements the mandible would be 

composed o f segments whose geometry would closely resemble that of bricks. The 

choice o f elements was governed by several factors. Initially, to determine the effect 

of element order and topology on stress distribution on the mandibular model, an 

attempt was made to divide all mesh volumes into solid parapolic tetrahedrons. This 

attempt, however, failed because o f the high number (about 110,000) of degrees o f  

freedom created, which surpassed the computational capacity of the computer system. 

The high number o f degrees o f freedom was related to the element order itself, but 

more so to the geometrical limitations imposed to the shape of the tetrahedra by the 

software. To maintain a proper geometrical aspect ratio, thin regions such as the 

condylar neck were subdivided into an extremely high number o f elements. When the 

solid parabolic brick elements were used to model such a complex shape as that o f  

the mandible, it was noted that although a larger amount o f degrees o f freedom would 

have given better interpolated data, the mid-side nodes of the elements also allowed 

for higher distortions to occur (Valliapan et al 1977). Thus, in selecting a higher 

number of less distorted solid linear brick elements, the jaw was expected to be 

satisfactorily modelled.

The finite element model was checked for node coincidence and 

discontinuities (i.e. gaps between elements) (Figures 35 and 36).
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Figure 34. Antero-lateral view of the completed node and element 
mesh model o f the mandible.
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Figure 35. Antero-lateral view of the completed mesh model o f the 
mandible where 64,000 elements are displayed using the shrink 
option available in the software for better display.
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Figure 36. A boundary line display was used to detect modelling errors 

due to incomplete merging of the nodes and to check the connectivity 

o f the finite element model. This method quickly reveals cracks in the 

model and nodes that are not completely merged.

In order to establish an accurate FEM mathematically, more elements and 

nodes were used until the calculated displacements at a point common to all the 

meshes approached the exact solution (i.e. the /^-convergence test was performed) 

(Huiskes and Chao 1983, Huiskes and Hollister 1993). Once built, the FEM was 

replicated to create 16 finite element models. In all cases, the geometrical, 

material and boundary conditions were identical. The only difference between 

these models was in the number o f degrees of freedom, with FEM-1 having the 

lowest and FEM -16 the highest number o f degrees of freedom. To perform the 

convergence test, a simplified load of 70 N was applied to the midline while the
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mandible was loaded with the masticatory forces as described before. 

Displacements were calculated at a variety o f locations on the mandible.

The mathematical accuracy o f the solved FEM also depends on the shape 

o f the elements. Any deviation from the ideal geometrical shapes would have 

affected the predictive values. Hence, the validity o f the elements was checked by 

measuring their distortion values. The distortion index is an indicator o f how well 

the element maps to the ideal or best shape o f an element. If the element matched 

the ideal shape, the distortion equalled one. As the element deviated from the 

target shape, the distortion value decreased.

2.4.6 3 Boundary conditions

The boundary conditions in the FEM represent the loads imposed on the 

structures under study and their fixation counterparts or 'restraints'. The boundary 

conditions applied were static.

For the in-vitro study, the angulation and muscle tension were based on 

work by Abdel-Latif (1996) and Samedova et al (1983) (Tables 3 and 4, Appendix

I).

The orientation o f the closing muscles o f the jaw was determined by taking 

the average o f the measurements from both sides o f 80 human dry skulls (Abdel- 

Latif 1996). The forces o f the masseter, medial pterygoid and temporalis muscles 

were represented by a single muscle vector (Figure 37). This assumption is 

reasonable when the muscle is acting as a whole and when it has a homogenous 

structure (Pruim et al 1980).

Unlike the in-vitro model, the in-vivo models needed precise data. A more 

sophisticated scheme was used based on work by Nelson (1986), whose work was
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derived from Baron and Debussy (1979), Pruim et al (1980) and Weijs and Hillen 

(1984).

The FEM was loaded with multiple force vectors to simulate muscle forces 

over wide areas o f attachment. Groups o f parallel vectors simulated eight pairs o f  

masticatory muscles (superficial and deep masseters; anterior, middle and 

posterior temporalis; medial pterygoid muscles; and inferior and superior lateral 

pterygoid muscles) assumed to be directly attached to bone (Figure 38).

The directions o f the muscular orthogonal components were derived 

algebraically as unit vectors, i.e. direction cosines (Tables 7 and 8, Appendix II, 

Nelson 1986). Each muscle was thus represented by two points with 

three-dimensional co-ordinates each, and the inter-point distance was calculated 

jfrom the following formula:

d = [ (X2 - Xi)2 + (y2  -yi)2 + (Z2 - Zi)2 y/2  (1 1)

where'd' was the three dimensional distance between points ?i (x% yi Zi) and ? 2  (X2  

y2  Z2 ). By inserting'd' into equations (12) to (14), the orientation o f each muscle 

was defined in the form o f direction cosines (see also Table 6):

Cos a  = (X2 - X 1) / d (12)

CosP = (y 2 -y i)  /d  (13)

Cosy = (z 2 - z i )  / d (14)
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Figure 37. Finite element model of the in-vitro mandible with a single muscle 
vector simulating masseter (black arrow), temporalis (red arrows) and medial 
pterygoid (blue arrow) muscles, respectively. Force vectors are presented in 
direction and quantity (1 cm = ION).

Figure 38. Finite element model of the in-vivo mandible with multiple 
muscle vectors o f superficial and deep masseters (green), anterior middle and 
posterior temporalis muscles (red, black, blue, respectively), medial 
pterygoid (brown) and lateral pterygoid (grey) muscles to simulate a 
protrusive load in this particular illustration. The vectors are represented 
graphically and appear to be embedded in the model due to the nature o f the 
display. The sizes o f the arrows were magnified 30 times for better display. 142



2.4.6.3.1 Co-ordinate system

The centroid o f each condyle was chosen to be the origin o f the co

ordinate system applied to define the muscular orthogonal component o f each 

muscle.

The medio-lateral, antero-posterior and vertical axes are designated x, y  

and z, respectively. A mid-sagittal plane (y-z), a frontal plane (x-y), and a 

horizontal plane (x-z) thus represent the three orthogonal planes o f reference 

passing through the origin.

2.4.6.3 2 Physiological variables

Force analysis for any simulated static mandibular movement requires the 

establishment o f the contribution o f each muscle to the overall forces o f  the 

system (since static implies no movement, it was decided to refer to the maximum 

excursions reached by the mandible during opening, protrusion, right and left 

lateral movements as static mandibular movements throughout this project). These 

individual forces are determined along each muscle-specific line o f pull according 

to two assumptions:

First, large muscles are capable o f producing more isometric contraction 

force than small ones, the tension in each muscle being proportional to the product 

of its physiological cross section and an assumed force constant per unit o f cross- 

sectional area (Pruim et al 1980, Nelson 1986).

Second, various static mandibular movements involve different amounts o f  

activation in a given muscle depending on the phase o f the movement (Moller 

1966). In other words, the same muscle may exhibit 100 % activity during one 

movement and only 50 % during another.
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Thus the resultant vector o f muscle force (Mir) for a particular muscle in 

isometric contraction during a specific movement could be given by the product 

[X„i.K]x [EMGmi] = Mir (15)

where Xmi is the cross-sectional area o f muscle mi in cm ,̂ K is a constant for 

skeletal muscle (expressed in N  / cm  ̂) and EMGmi is the ratio or scaled value o f  

the muscle contraction relative to its maximum response for a specific task (Pruim 

et al 1980, Weijs and Hillen 1984).

The product [Xmi. K ] is referred to as the Weighting Factor given to the 

muscle mi (Table 8, Appendix II) and the value EMG^i as its Scaling Factor 

(Table 8, Appendix II).

Upon multiplying the Weighting Factor o f a particular muscle by its 

Scaling Factor we obtained M„.

The product o f Mjr and its corresponding unit vector yielded the orthogonal 

vector force components. These were subsequently proportioned between the 

nodes which formed the corresponding area o f muscular attachment (Table 6).
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MUSCLE MUSCLE
NODES RIGHT LATERAL EXCURSION LEFT LATERAL EXCURSION

GROUP Right Left Right Left Right Left
X y z X y z X y z X y z

SM 50 50 -0.06 0.23 0.11 -0.22 0.94 0.45 -0.27 1.01 0.48 -0.04 0.17 0.08

Masseter
DM 39 38 -0.07 0.10 -0.04 -0.24 0.33 -0.15 -0.29 0.40 -0.19 0.08 0.11 -0.05

Medial
pterygoid MP 42 44 0.12 0.18 0.09 1.48 2.42 1.14 1.66 2.58 1.27 0.15 0.25 0.12

AT 20 20 -2.01 1.33 0.06 0.71 0.47 0.02 -0.60 0.40 0.02 -2.40 1.60 0.08

Temporalis MT 14 14 -1.37 4.9 -2.94 -0.06 0.01 -0.14 -0.10 0.34 -0.20 -1.42 4.82 -2.83

PT 12 12 -0.86 2.00 3.56 -0.03 0.06 0.11 -0.04 0.09 0.16 -0.86 2.00 3.52

Lateral ILP 6 6 0.49 -0.01 0.59 6.74 -1.86 8.11 6.60 1.82 7.9 0.70 -0.08 0.844

pterygoid SLP 4 4 0.44 0.04 0.37 5.35 0.52 4.54 5.13 0.50 4.35 0.55 0.50 0.46

Table 6. Number and magnitudes of muscle loads used in the finite element model. The number of nodes reflects the 
amount of vectors applied to the mandible for each corresponding muscle. The x, y and z-coordinates represent the 
muscle loads (in Newton) and their three-dimensional directions. All co-ordinates are referenced to a global Cartesian 
co-ordinate system where the x-y plane is the frontal plane, x-z represents the horizontal plane and the y-z indicates the 
mid-sagittal plane.



Table 6 ... continued

MUSCLE

Masseter

Medial
pterygoid

Temporalis

Lateral
pterygoid

NODES

MUSCLE
GROUP Right Left

SM

DM

MP

AT

MT

PT

ILP

SLP

50

39

42

20

14

12

50

38

44

20

14

12

OPENING (MAXIMUM) OPENING (MID-WAY)

Right Left Right
x y z x Y Z x y

Left
z X y

Right
z X y

PROTRUSION

Left
z X y

-0.34 1.44 0.69 -0.34 1.44 0.69 -0.26 1.11 0.53 -0.25 1.08 0.51 -0.51 2.14 1.02 -0.51 2.14 1.02

-0.15 0.21 -0.10 -0.15 0.21 -.10 -0.15 0.21 -0.10 -0.15 0.21 -0.1 -0.19 0.25 -0.12 -0.19 0.25 -0.14

0.69 1.12 0.53 0.66 1.07 0.50 0.69 1.12 0.52 0.66 1.07 0.50 1.78 2.90 1.37 1.7 2.77 1.30

-4.71 3.12 0.01 -4.71 3.12 0.01 -3.80 2.50 0.11 -3.56 2.34 0.10 -8.06 5.30 0.24 -8.06 5.30 0.24

-0.25 0.91 -0.55 -0.30 1.09 -0.65 -0.25 0.91 -0.55 -0.30 1.09 -0.65 -0.05 0.17 -0.10 -0.08 0.28 -0.17

-0.28 0.63 1.13 -0.28 0.63 1.13 -0.28 0.64 1.36 -0.28 0.64 1.36 -0.05 0.12 0.21 -0.04 0.09 0.14

6.30 -1.75 7.6 6.30 -1.75 7.6 4.92 -1.36 5.91 5.06 -1.40 6.08 6.25 -1.73 7.51 6.25 -1.73 7.51

4.26 0.41 3.61 4.15 0.40 3.52 4.75 0.46 4.75 4.42 0.43 3.75 4.64 0.45 3.93 4.64 0.45 3.93

4̂
G \



2.4.6.3 3 Restraints applied to the FEM

Three-dimensional restraints were placed bilaterally at the endosteal surfaces of 

the temporal bones. These restraints imitated static mandibular movement with fixation 

of the mandibular apparatus at the cranium. The FEM was used to simulate four 

mandibular movements as a result of isotonic forces generated by various pairs of 

masticatory muscles — at maximum opening, mid-way opening, lateral excursions and 

protrusion (Table 6).

At the start o f the simulation two types o f initial mouth opening were used: (1) 

medium wide (15° between the mandibular plane and the x-z plane) and (2) maximum 

wide opening (30° between the mandibular plane and the x-z plane). This was 

achieved by rotating the mandible-related co-ordinates. The program was used to 

compute the centres o f mass of the condyles and the medial, lateral, anterior and 

posterior extremes o f the temporal bone during various jaw positions.

The rotation and translation required to achieve the simulation of various jaw 

positions in three dimensions were applied to the models of the temporal bone, and then 

superimposed on the condyles. In this way it was possible to compare the three- 

dimensional relationships of the TMJ components in the different jaw positions.

The model was restrained only from vertical movement at the alveolar crest (i.e. 

symphysis) anteriorly. Eighteen nodes during opening and lateral excursions were not 

allowed to translate upward. These restraints acted only perpendicularly to the occlusal 

plane (y-direction), thus allowing free displacement of the mandibular halves antero- 

posteriorly, supero-inferiorly and latero-medially in the horizontal plane.
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2.4.6 4 M aterial properties

The different structures in the finite element model of the human jaw were 

assigned material characteristics which were thought to conform to the best data available 

in the literature (Table 7).

Cortical bone was modelled as an orthotropic material with its largest elastic 

constants oriented along the longitudinal axis of the jaw (Dechow et al 1992, 1993). Since 

the elastic properties of mandibular cancellous bone remain undetermined, isotropic 

values established from human tibial bone material were used (Ashman et al 1989). The 

material properties were assigned to the FEM according to mandibular geometry with a 

curve representing the long axis of the jaw. This curve ran along the entire mandibular 

centre from the right to left posterior condylar surfaces, and its longitudinal direction 

represented the material x-axis of each bone element (Figure 39). The y-axis was aligned 

perpendicularly to the x-axis but tangentially to each related jaw cross section. The 

material z-axis was derived from the x and y axes and lay perpendicularly to both.

The mandible was divided into seven regions: the right and left rami, the areas of 

the right and left molars, the areas of the right and left premolars (implant sites) and the 

chin, and assigned one local system in each region which approximately followed the 

global xyz-coordinate system from one condyle to another (Figure 39).

The isotropic and orthotropic material properties assigned to the structural 

elements are listed in Table 7.

2.4.6.4.1 Temporomandibular joint (TMJ)

The structure of the temporomandibular joint was modelled as a two-layered ‘cap’ 

where the first cap consisted of the combined thickness of the condylar, articular and 

temporal fibrocartilage, and the second one of the temporal cortical bone. This allowed 

for analysis of stress distribution on the two condyles while accounting for the buffering 

effect of the articular disk against the relatively rigid temporal bone (Hansson et al 1977).

148



Figure 39. Definition of directions. Longitudinal (L), tangential (T) and radial (R).
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MATERIAL PROPERTIES

LOCATION
E (GPa) V G (GPa)

AUTHOR X Y z xy yz xz xy y z xz

Dechow et al (1992) Cortical bone 
(symphysis) 229 14.2 10.5 0.19 0.31 0.29 6.0 3.7 4.8

Dechow el al (1992) Cortical bone 
(premolar area) 25.5 14.5 10.2 0.15 0.30 035 6.2 3.4 6.23

Dechow et al (1992)
Cortical bone 
(molar area) 19.5 13.6 10.2 039 0.20 035 6.2 4.1 5.9

Arendts and Sigolotto 
(1989,1990 cited in 
Dechow et al 1992)

Cortical bone 
(ramus) 17.0 6.9 8.2 0.31 033 0.31 4.6 2.9 2.8

Ashman et al (1987, 
1989) Cancellous bone 0.38 038 0.38 0.30 0.30 0.30 - - -

Wong and Carter 
(1988) Fibrocartilage 0.0006 0.0006 0.0006 0.47 0.47 0.47 - - -

Table 7. Orthotropic material properties assigned to the finite element models of the human jaw.
E: Young's modulus of elasticity. Subscript (x, y, z) indicates direction, where x = longitudinal, y = tangential, z = radial 
v: Poisson's ratio. The first subscript is the direction of the primary strain, the second subscript is the direction 

of the secondary strain 
G: Shear modulus. Double subscript indicates the plane of the shear in GPa (Giga Pascal)
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2.4.7 M odelling of the im plant

The implant system was modelled from pre-defmed cylindrical volumes and 

placed in the premolar area, approximately 14 mm from the midline of the mandible 

(Figures 40 and 41). The apical part of the implant was in full contact with the lower 

cortical layer comparable to the clinical situation. On top of the implants, abutments 

with a height of 5 mm were modelled. This resulted in a length of 18 mm. The 

implant system was assumed to be of homogenous and isotropic titanium with a 

Young's modulus of 103.44 GPa and a Poisson's ratio of 0.35. Since the stress profiles 

within and about the implant threads were not of interest to this study, it was assumed 

that the fixation was rigid (no slip) between bone and implant (i.e. there would be no 

movement between bone and implant under any loading condition).

ROTX 
20.0 

/  ROTY 
3 0 .0

Figure 40. Pre-defmed cylindrical volumes were used to model two 
implants with two abutments in place giving an overall length of 18 
mm and diameter of 3.75 mm.
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Figure 41. Finite element mesh for a bone cross section with implant 
(black) and abutment (blue) in place. Rigid fixation (yellow) was 
applied at the implant / bone interface.

2.4.8 Predicting mandibular functional deformation

2.4.8.1 Medial convergence (MC)

In order to predict medial convergence, linear distances between points on the 

implants' occlusal surfaces were predicted during simulated jaw movement. These 

distances were subtracted from the distances in the non-deformed state. Positive 

values reflect expansion and negative ones contraction.

2.4.8.2 Corporal rotation (CR)

To predict corporal rotation, the transverse beam (described in section 2.2.4.3) 

was modelled from pre-defmed volumes (primitive solids), and was given the 

properties of a homogenous, linearly elastic material with an elastic modulus (E) of 

110 GPa and a Poisson's ratio (v) of 0.33.
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Within the fixed end of the beam, there was a 2.5 mm diameter cylinder 

representing a fastening screw. 1 breads were not of interest to this study and direct 

fixation was assumed between the screw and the implant. Loading the beam (either by 

muscle forces or a force applied to the implant) would enable detection of rotation by 

means of predicting the vertical displacement (y-axis) at the free end of the beam 

(Figures 42 and 46).

Figure 42. Antero-lateral view of the modelled jaw with the two 

implants (blue) and the transverse beam (yellow) in place.
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2.4.S.3 D orso-ventral shear (DV)

I'he two crossed and cantilever beams were modelled from predefined solid 

volumes and fixed to one implant on each side (Figures 43 and 46). The vertical 

displacement predicted at the free end of each beam was converted to a shear angle as 

described in section 2.2.4.1.

Figure 43. An occlusal view of the modelled jaw with the two implants and 
the crossed beams in place.
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2.4.S.4 Antero posterior shear (AP)

Antero-posterior shear is the relative movement of the two halves of the 

mandible in the coronal plane, and would be observed as changes in the orientation of 

the top of the implants in the transverse plane.

It was decided to express antero-posterior shear as the angular change of the 

long axis of the beam in the transverse plane.

A single cantilever beam (45 mm x 8 mm x 1 mm) was modelled from pre

defined solid volumes and fixed to the posterior aspect of one abutment via a 2.5 mm 

diameter cylinder representing a fastening screw (Figures 44 and 46). The other end 

was free and in contact with the posterior surface of the other abutment.

Figure 44. Antero-lateral view of the modelled jaw with the two 

implants and the horizontal beam to predict antero-posterior shear.
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A diagram of the geometric scheme used to calculate antero-posterior shear as 

an angle projected onto the transverse plane (Figure 45).

Figure 45. Diagram of the geometric scheme used to calculate antero
posterior shear as an angle projected onto the transverse plane.

A and B are the locations of the implants, and 0  is the change in the 

angulation of the top of the abutment

.'. tan 0  = H / 1 (8)

Where

H = change in the transverse position of the end of the beam at its contact 

point on the TMA as predicted by the FEM.

I = distance between the implants.

This formula was used to convert the predicted displacement in the horizontal 

plane (z-plane) of the free end of the beam for the effects of antero-posterior shear.
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Figure 46. The modelled beams (blue) mounted onto the implants (red) with a fastening cylinder (yellow). 
A - right crossed beam used to predict DV on the right side, B - two crossed beams used to predict DV,
C - transverse beam used to predict CR, and D - Horizontal beam used to predict AP.
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2.4.9 Data collection

2.4.9 1 In-vitro study

In order to obtain a better match between the predicted and measured strains, it 

was decided to alter some o f the variables used in building the finite element model. 

Of all possible variables, the geometry o f the periosteal and endosteal cortical outlines 

were not modified initially since they were based on the traced and digitised CT 

images. In addition, since the real anatomy o f the cancellous bone was too 

complicated to be modelled, only two groups o f material variables remained which, 

when varied, could have significantly affected the predicted principal strain. These 

variables involved the material properties of cortical bone and their orientation in the 

model. In the case of the former, it was assumed that although incomplete 

information, the technical constants for cortical bone had been gathered with a high 

degree o f technical precision and thus the data used were reliable (Dechow et al 

1992). Hence it was decided to change the orientation of the material properties in the 

cortical bone elements.

The principal strains on the cortical elements in the finite element model had 

initially been predicted based on an element orientation which was tangentially 

aligned to a curve which ran longitudinally across the centre o f the mandible. Since 

the material properties used in the model were measured fi’om specimens located 

close to the lower border of the jaw, the material properties o f bone elements were 

tangentially re-oriented to the lower border of the mandible. The differences between 

the measured and the predicted principal strains gathered from the newly aligned 

material properties decreased substantially, to between 3 and 10 % (see Table 13 and 

14, section 3.2.3.2). Hence the following predictive tasks were carried out with the re

aligned material properties in the finite element model:
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• Mandibular surface strain in relation to a vertical force of 70 N applied 

sequentially to the symphysis, right and left implants. This allowed comparison of  

strain readings recorded experimentally with predicted strain values computed by the 

finite element model at similar locations.

•  Jaw deformation in relation to a 70 N vertical force applied sequentially to 

the symphysis and the right and left implants. Four deformation types were predicted:

1. Medial convergence

2. Dorso-ventral shear

3. Corporal rotation

4. Antero-posterior shear

2.4.9 2 In-vivo study

Since each subject had different jaw dimensions and implant positions, the 

transducers had to be modelled individually in every case as described in section 

(2.4.6.6) to predict jaw deformation. Four types of jaw deformation were predicted:

1. Medial convergence

2. Dorso-ventral shear

3. Corporal rotation

4. Antero-posterior shear

One finite element model was then selected for the study of the effects of 

changing the geometry and orthotropic material properties on its predictions. Twenty- 

two variables affecting the material properties of the FEM for subject 1 were 

systematically changed. The detailed modifications to the orthotropic material 

properties are shown in Tables 8 and 9. The effects of these changes were quantified 

as the differences in principal strain magnitudes between the original FEM for subject 

1 prior to the sensitivity analyses and the modified FEM. The strain differences were
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measured as percentages of the original values at each o f the 17 nodes forming the 

cortical outline o f a mandibular cross section between the implant and the first molar.

The geometry o f the cross section was also changed by increasing the depth 

and the width by 0.5 and 1 mm, respectively. This was achieved either by increasing 

the cortical thickness or by translating the nodes vertically to increase the corpus 

depth or horizontally to increase the corpus width.

To study the effect of muscle forces on the performance o f the finite element 

model, it was decided to run (execute) the program eight times by eliminating the 

orthogonal muscular components of one muscle group at a time (Appendix III). The 

inclination of the muscle load was also gradually shifted towards a more superior 

(occlusal) direction. While the first set o f loads represent the muscular orthogonal 

components without any changes in direction, the second and third load sets differed 

from the first one by changes in load direction o f 5° and 10°, respectively (Appendix 

III).

To study the effects of various restraint conditions on the performance of the 

finite element model, the three-dimensional constraints applied bilaterally at the 

endosteal surfaces of the temporal bones were gradually shifted inferiorly to be 

situated at the level o f the mandibular canal, mandibular angle or premolar region 

(Appendices III and IV). Further, the restraints at the alveolar crest anteriorly were 

gradually shifted posteriorly to be situated at the premolar and molar regions.

To analyse the biomechanical reactions at the TMJ, 10 nodes on a coronal 

section of the upper surface o f the right condyle were evaluated (Figure 47). The 

nodes were categorized into five groups. The centre o f the TMJ was set half way 

between the medial and lateral poles o f the condyle (Appendix IV). The three nodes 

which included the origin were labelled middle nodes, the four anterior nodes were
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labelled anterior, the four posterior nodes posterior, the four medial nodes medial, and 

the four lateral nodes were labelled lateral nodes (Figure 47).

When the semicircular bridge beam is used to measure medial convergence it 

is clearly essential that the stif&iess o f the beam in itself does not significantly 

influence the deformation which it is being used to determine. For this purpose it was 

decided to predict medial convergence using a bridge beam modelled from pre

defined volumes (Figure 48). This was given the properties of a homogenous, linearly 

elastic material with an elastic modulus (E) o f 110 GP and a Poisson’s ratio (v) of  

(0.33). The material properties o f the modelled bridge beam were also systematically 

changed (Table 8). The effects o f these changes were quantified as the differences in 

principal strain magnitudes between the original FEM for subject 1 prior to the 

sensitivity analyses and the modified FEM. The strain differences were measured as 

percentages o f the original values at each o f the 17 nodes forming the cortical outline 

of a mandibular cross section between the implant and the first molar (Appendix III).

The effects of these changes were also quantified as the differences in the 

linear inter-implant displacements between the original FEM for subject 1 prior to the 

sensitivity analysis and the modified FEM. The differences were expressed as 

percentages o f the original values.

The finite element model for subject 1 was also used to predict variables at 

each node position. These variables, mentioned in literature (Burnett 1987), were:

1. Stresses - in the form o f maximum, minimum and shear stress

2. Strains - in the form of maximum, minimum and shear strain

3. Displacement - representation o f motion o f structures

4. Element forces - acting on each element due to the loads imposed on the

model
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Posterior

Lateral
Medial

Anterior

Figure 47. Coronal cross section of the upper surface of the right condyle. To 
analyse the biomechanical reactions at the TMJ, 10 nodes were evaluated. The 
nodes were categorized into five groups. The three nodes which included the 
origin were labelled middle nodes, the four anterior nodes anterior nodes, the 
four posterior nodes posterior, the four medial nodes medial and the four 
lateral nodes were labelled lateral nodes. This figure also displays stress-line 
contours on the upper surface of the right condyle during jaw opening. 
Numbers plotted on stress line eontours on the mandibular surface reflect 
specific stress magnitudes, whieh are given in Table 24.

ROTX 
20.0  

X ROTY 
30 .0  
ROTS

Figure 48. Antero-lateral view of the completed node (red) and element 
(yellow) mesh model of the bridge beam.
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MATERIAL PROPERTIES OF BONE (E, G, v)

A. Single variation [50 % (E, G) and 25 % (v) increases]
B. Combined variation [50 % (E, G) and 25 % (v) increases]

ORIENTATION
A. Lower jaw border vs. jaw centroid__________________

STRUCTURE

A. Absence of cancellous bone

n . BOUNDARY CONDITIONS

LOAD

A. Change in load direction (+5 and +10 degrees)
B. Absence of muscular orthogonal components

RESTRAINTS
A. Absence of alveolar restraints
B. Alveolar restraints (symphysis, premolar and molar regions)
C. TMJ restraints (mandibular canal, mandibular angle and premolar region)

III. GEOMETRY

CORPUS DEPTH INCREASE

A. Cortical thickness [+ 0.5 mm and +1.0 mm ]
B. Cortical translation [+ 0.5 mm and +1.0 mm ]

CORPUS WIDTH INCREASE

A. Cortical thickness [+ 0.5 mm and +1.0 mm ]
B. Cortical translation [+0.5 mm and+1.0 mm]

IV. SEMICIRCULAR BRIDGE BEAM

MATERIAL PROPERTIES

A. Single variation [25% and 50% (E, G, v) increases]

Table 8. Variables chosen to test the sensitivity of the finite element model (FEM). A 
total of 22 variables affecting the material characteristics, the boundary conditions and 
the geometry of the corpus were systematically changed.
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MATERIAL PROPERTIES

VARIABLES
(SINGLE)

E (GPa) V G (GPa)

X y z xy y z xz xy yz xz

1 Original model 20 14 11 0.37 0.25 0.47 6 2 4.2 5

2 Ex (50%) 30 14 11 0.37 025 0.47 6 2 4.2 5

3 Ey(50%) 20 21 11 0.37 0.25 0.47 6 .2 4.2 5

4 Ez(50%) 20 14 16.5 0.37 0.25 0.47 6 2 4.2 5

5 Vxy(50%) 20 14 11 0.46 0.25 0.47 6 2 4.2 5

6 Vxz(50%) 20 14 11 0.37 0.31 0.47 6.2 4.2 5

7 Vyz(50%) 20 14 11 0.37 0.25 0.5 6 .2 4.2 5

8 Gxy(50%) 20 14 11 0.37 0.25 0.47 9.3 4.2 5

9 Gxz(50%) 20 14 11 0.37 025 0.47 6.2 6.3 5

1 0 Gyz(50%) 20 14 11 0.37 025 0.47 6 2 4.2 7.5

Table 9. Orthotropic material properties assigned to the cortical bone of the left molar region in the 
FEM. The values were systematically varied in individual and combined form. Changed values are 
printed in bold red font. Variations of 25% and 50% were chosen a priori. For an explanation of the 
abbreviations used see Table 7.
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Table 9 . . .  continued

COMBINED E (GPa) V G (GPa)

X y z x y yz x z xy yz xz

11 ExEy (+50%) 3 0 .0 2 1 .0 11.0 0.37 & 25 0.47 & 2 4.2 5.0

12 E x E z  (+ 5 0 % ) 3 0 .0 14.0 16 .5 0.37 0.25 0.47 6.2 4.2 5.0

13 E y E z (+ 5 0 % ) 20.0 2 1 .0 16 .5 0.37 & 25 0.47 6 .2 4.2 5.0

14 E x E y E z  (+ 5 0 % ) 3 0 .0 2 1 .0 16.5 0.37 0.25 0.47 6.2 4.2 5.0

15 VxY V y z (+ 2 5 % ) 20.0 14.0 11.0 0 .4 6 0.31 0.47 6.2 4.2 5.0

16 VxY V x z  (+ 2 5 % ) 20.0 14.0 11.0 0 .4 6 0.25 0 .5 6.2 4.2 5.0

17 V yz V x z  (+ 2 5 % ) 20.0 14.0 11.0 0.37 0.31 0 .5 6.2 4.2 5.0

18 VxY V yz V xz (+ 2 5 % ) 20.0 14.0 11.0 0 .4 6 0.31 0.5 6.2 4.2 5.0

19 Gxy Gyz (+ 25%) 20.0 14.0 11.0 0.37 0.25 0.47 9.3 6 .3 5.0

20 GxyGxz ( + 2 5 % ) 20.0 14.0 11.0 0.37 0.25 0.47 9.3 4.2 7 .5

21 GyzGxz (+25% ) 20.0 14.0 11.0 0.37 0 .25 0.47 6 .2 6 .3 7 .5

22 Gxy Gyz Gxz (+ 25%) 20.0 14.0 11.0 0.37 0.25 0.47 9.3 6.3 7.5
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3. Results

The results of the preliminary experiments on modelling a cantilever beam are 

presented first. They are followed by the results of the in-vitro and in-vivo 

experiments. The results of the finite element analysis come last.

3.1 Cantilever beam

The strain values were determined at locations on the upper and lower surfaces 

of the cantilever beam model (Figure 49). These values were compared to the data 

from the mathematical model (Chart 1). The validity of a finite element model was 

determined in terms of its distortion value (Table 10). In addition, the model was also 

subjected to a convergence test where the degrees of freedom were increased from 

990 to 2,370 (Chart 2). Although no noticeable differences in the strain values were 

detected between FEM-3 and FEM-4, the latter model was picked as the model of 

choice because it did not require a large amount of computational analysis.

D I S P L A Y  I I I  -  G E O M E T R Y  M O D E L IN G  S Y S T E M  < 8 . 0 . 0 )  P R E / P O S T  M O D U L E

V IEW  : - 8 2 . 7 4 3 0 7

. 8 3 6 . 2

E M R C - N I S A / D I S P L A Y

Figure 49. Deformed shape of the cantilever beam following the application 
of a 50 N vertical load.
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N U M B E R  N U M BER  
M O D EL EL E M E N T  TY PE O F OF

N O D E S ELEM EN TS

FEM -1

D EG R EES  
O F FR E E D O M

Solid linear brick 330 175 990

FEM -2 Solid linear brick 480 222 1440

FEM -3 Solid linear brick 580 280 1740

FEM -4 Solid linear brick 790 412 2370

Table 10. Mesh refinement on a finite element models of a cantilever beam. 
FEM-1 was replicated into models with increasingly refined meshes. The 
number of degrees of freedom was increased from 990 in FEM-1 to 2,370 in 
FEM-4.

300

200

G IOOh

*3L.
O 0-
b.u
§ -100-

-200

-300

□  50N

□  lOON

□  150N

FEM-4

C hart 1. Comparison of principal strains detected on cantilever beam models. 
Maximum and minimum principal strains (Max P, Min P) were predicted with 
three static vertical loads at points A and B on the mathematical (M) and the 
finite element model (FEM-4) of the cantilever beam. The absolute inter-model 
differences ranged between 0.8-3.6% when referenced to the mathematical 
results.
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Point A (Upper surface)
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Chart 2. Convergence test of the finite element models of a metal 
cantilever beam. Maximum (a) and minimum (b) principal strains were 
recorded during three static vertical loads at points A and B of the 
cantilever beam.
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3.2 In-vitro modelling of the mandible

3.2.1 Convergence test

Sixteen different finite element models were developed using the NISA 

computer software in order to perform the convergence test (Tables 11 and 12). The 

convergence test for calculated displacements at nodes A, B and C (Figure 50) was 

plotted against the number of degrees of freedom and this demonstrates that accurate 

results were being calculated for the nodal displacement with the most refined mesh. 

Differences in calculated displacements were only 1-5 % (comparing the results for 

mesh 8 and mesh 16) whereas the degrees of freedom increased by 40 % (Chart 3). 

This indicates that mesh 8 was providing accurate results, although only 63,012 

degrees of freedom were needed to achieve the convergence.

MODEL
NUMBER OF 
ELEMENTS

NUMBER OF 
NODES DEGREES OF FREEDOM

FEM-1 1 5J22 14,000 42,000
FEM-2 6^W5 15,020 45,060
FEM-3 1 7,700 16,010 48,030
FEM-4 7,610 17,034 51,102
FEM-5 1 7,953 18,014 54,042
FEM-6 8,904 19,073 57,111
FEM-7 1 9,402 20,004 60,012
FEM-8 9,883 21,004 63,021
FEM-9 1 9,989 22,076 66,201

FEM-10 10,089 23,004 69,012
FEM -11 1 13,006 24,034 72J02
FEM-12 13,215 25,005 75,015
FEM-13 1 14,032 26,040 78,120
FEM-14 14,150 27,034 81,102
FEM-15 1 15,058 28,067 84,201
FEM-16 16,007 29,337 88,011

Table 11. Mesh refinement on the mandible finite element models. FEM-1 was 
replicated into models with increasingly refined meshes. The number of degrees 
of freedom increased from 42,000 in FEM-1 to 88,011 in FEM-16.
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Figure 50. Meshes used in the convergence test. (1) Mesh 1: 14,000 nodes, 
42,000 degrees of freedom, (2) Mesh 16: 33,341 nodes, 100,023 degrees of 
freedom. Points A, B, and C correspond to locations where convergence was 
monitored. The vector represents the 70 N load used for the convergence test.

171



s
B

_2"o.
i / 3

30 -

e  20 -
B

10  -

o
o
o

o8 o
o
o

o
o
o

o
o
o

o
oo 8o o

oo 8o

♦  A

•  B

■  (

fN ooT1- o \ovo <Nr- oor- S

Degrees of freedom

Chart 3. Convergence plots. Displacements of points A, B and C were 
plotted against the number of degrees of freedom for the 16 mandible 
meshes.

MAXIMUM MINIMUM 
MODEL ELEMENT TYPE NODES ELEMENT PRINCIPAL PRINCIPAL

STRAIN STRAIN

FEM-8 Solid linear brick 21,004 9,883 189 -90

FEM-A

FEM-B

Solid parabolic brick 9 ,8 8 3  182

Solid linear
tetrahedron 55,675 19,443 187

-87

Table 12. Effect of element topology and order on principal strains predicted 
on the cortical surface of the mandiblular symphysis (FEM-8) caused by a 70 N 
vertical load on the right implant. Solid linear bricks were used in FEM-8, solid 
parabolic bricks in model FEM-A and solid linear tetrahedrons were employed 
in model FEM-B. Maximum and minimum principal strains did not differ 
significantly between different finite element models.
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3.2.2 Validity of the finite element model

The validity of the developed finite element model was verified by measuring 

its distortion and stretch values. The software was used to measure the distortion by 

comparing the shapes of the ideal elements with those of the actual elements (the ideal 

shape of a brick element is a cube with quadrilateral faces). If an element matched the 

ideal shape, its distortion equalled one. As the shape of the element deviated from the 

target shape, the distortion value decreased. Overall, the distortion and stretch values 

of the finite element models of the beam and the mandible exceeded 0.4, the 

recommended minimum distortion index value defined by the manufacturer of the 

software. The distortion and stretch values o f all the elements in the finite element 

model of the mandible were averaged and compared with the more regularly shaped 

elements used in modelling the cantilever beam (Table 13). The beam had, overall, 

better distortion and stretch values than those calculated for the different structures in 

the model of the mandible.

FINITE ELEMENT MODEL OF THE MANDIBLE (FEM-8)

Cortical bone

NUMBER OF 
ELEMENTS

3,653

DISTORTION 
VALUES 

Range: 0-1
0.7

STRETCH 
VALUES 

Range: 0-1
0.5

Cancellous bone (&230 0.8 0.4

Implants 220 0.8 0.6

Beams 1,572 0.9 0.8

FINITE ELEMENT MODEL OF THE CANTILEVER BEAM (FEM-3)

Entire model 280 0.9 0.7

Table 13. Validity of mesh elements chosen for the cantilever beam 
(FEM-3) and the mandible (FEM-8).
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3.2.3 Verification of the finite element model

3.2.3.1 Mandibular surface strain

For each load set, a total o f 10 readings from every single strain gauge was 

sampled and stored. The time required to measure the strain values and forces in one 

load set was approximately 40 seconds. Since each loading cycle lasted about four 

seconds, a total o f 120 strain and force peaks was recorded. The computer calculated 

the magnitudes of principal strains at each of the 1 1  single strain gauges and displayed 

the strain results graphically and synchronically with forces measured by the load cell 

(Figure 51). The recorded maximum (+pe) principal strain had always a positive 

value and the minimum (-pe) principal strain had always a negative value, and the 

peak strains always coincided with the peak loads. The data for the peak maximum 

and minimum principal strains are presented in Table 14. The direction of strain was 

expressed as the direction o f the maximum or minimum principal strain parallel to the 

mandibular plane (i.e. the plane formed by the lower border o f the jaw). The 

experimental strain measurements proved to be reproducible. The differences between 

two sets of independent samples taken under identical loading conditions were not 

statistically significant at any o f the gauges (T = 2.533, df = 10,/? < 0.05).

3.2.3.2 Comparison of experimental and predictive strains

The differences between the mean experimental strain values and the mid

values o f the corresponding contours in FEM- 8  are presented in Tables 14 and 15. 

The limits o f agreement, as suggested by Bland and Altman (1986), were small 

enough for the predictions from the FEM- 8  to be considered clinically acceptable 

(Charts 4 and 5). The absolute differences were also expressed as percentages of 

the measured values. The absolute differences ranged from 3 to 18 %. The biggest 

difference was found for the magnitude o f the principal strain o f gauge 2  on the
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right side and gauge 5 on the left side o f the mandible. In general, the differences 

averaged about 9 % (Table 14).

However, when the material properties o f bone elements were tangentially re

oriented to the lower border of the mandible, the differences between the measured 

and the predicted principal strain gathered from newly-aligned material properties 

decreased substantially, and ranged between 3 and 10 % (Table 14).
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S.G.
PRINCIPAL STRAIN 

(1 )
PRINCIPAL STRAIN 

(2 )
PRINCIPAL STRAIN 

(3)
Exp Model Diff(% ) Exp Model Diff(% ) Exp Model Diff(% )

R1 250 230 8 - 2 1 0 - 2 0 0 5 260 238 8

R2 1 1 0 90 18 -190 - 2 0 0 5 245 238 3

R3 95 1 1 0 14 -95 - 1 0 0 5.0 250 241 4

R4 190 2 1 0 1 1 -80 -70 13 240 231 4

R5 250 240 4 -50 -55 1 0 230 237 3

0 -80 -70 13 -75 -80 6 2 0 0 189 6

LI - 2 2 0 -230 5 95 1 0 0 5 180 189 5

L2 -190 - 2 0 0 5 95 1 1 0 16 130 1 2 1 7

L3 -85 -90 6 2 0 0 2 1 0 5 1 0 0 89 1 1

L4 -70 -80 1 0 250 240 4 90 96 7

L5 -45 -50 1 1 190 175 9 1 1 0 90 18

Table 14. Differences between experimental and predicted principal strains on the cortical surface of the mandible 
caused by a 70 N vertical load on the right (1) and left (2) implants and the symphysis (3). The differences between the 

mean experimental principal strains (Exp) and the principal strain values predicted at locations by the FEM-8 model 
were expressed as percentages (Diff) and are referenced to the experimental values. Right (R) and left (L) gauges were 
numbered antero-posteriorly starting from the mid-line with strain gauge (S.G.) number 0.
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Figure 51. Readings from 11 single strain gauges (SG) when load was applied on the symphysis.
First experiment (1) Second experiment (2). Right (RSG) and left (LSG) strain gauges were numbered 
antero-posteriorly starting from the midline with strain gauge number 0.



PRINCIPAL STRAIN PRINCIPAL STRAIN PRINCIPAL STRAIN

S.G. Exp
( 1 )

Model Diff(% ) Exp
(2 )

Model Diff(% ) Exp
(3)

Model

R1 250 242 3 - 2 1 0 -218 4 260 242 3

R2 1 1 0 115 4 -190 -197 4 245 238 3

R3 95 107 13 -95 - 1 0 0 5 250 241 4

R4 190 206 8 -80 -77 4 240 233 3

R5 250 240 7 -50 -55 1 0 230 240 4

0 -80 -72 1 0 -75 -80 7 2 0 0 191 5

LI - 2 2 0 -209 5 95 1 0 0 5 180 189 5

L2 -190 -198 4 95 1 0 0 5 130 125 4

L3 -85 -90 6 2 0 0 2 1 0 5 1 0 0 92 8

L4 -70 -85 7 250 243 3 90 96 7

L5 -45 -50 1 0 190 185 3 - 1 1 0 96 13

Table 15. Differences between experimental and predicted principal strains on the cortical surface of the man 
following 70 N vertical loading applied on the right (1) and left (2) implants and the symphysis (3) sequent 
The differences between the mean experimental principal strains (Exp) and the principal strain values predict 
locations by the FEM-8 model were expressed as percentages (Diff) and are referenced to the experimental vah 
Overall differences decreased when material properties were reoriented.
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Chart 4. Difference against mean for measured (M) and predicted (P) 
strain data when a load was applied to the right implant. The broken line 
represents the mean ± 2SD.
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Chart 5. Difference against mean for measured (M) and predicted (?) 
strain data when a load was applied to the left implant. The broken line 
represents the mean ± 2SD.
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3.3 Functional deform ation  o f the  m andib le  iin-vitro)

The data obtained from the in-vitro study are presented in two ways:

Using qualitative analysis, where the typical tracing output of the four beams 

that were used to measure jaw deformation are shown in Figures 52 - 54.

Using quantitative analysis, where predicted and measured data on jaw 

deformation were presented in bar charts (Charts 6-9). In these charts, the x-axis gives 

the location o f the applied force, while the y-axis plots the jaw deformation in 

micrometres in the case o f medial convergence and in degrees in the case o f corporal 

rotation, dorso-ventral shear and antero-posterior shear. The table added to each bar 

chart shows the percentage difference between the measured and predicted data. 

Medial convergence was determined by converting the microstrain from the tracings 

into micrometres using the calibration charts. The negative readings indicate negative 

convergence, i.e., divergence.

Corporal rotation and dorso-ventral shear are expressed in degrees. The 

microstrain values were converted into micrometres using beam calibrations. These 

values were then used to calculate the corporal rotation as described in section 2.2.4. 

A negative reading indicates that the corpora rotated in the opposite direction. 

Calibration tables are shown in Appendix I.

3.3.1 Comparison of medial convergence values measured using the

LVDT and the semicircular bridge beam

A statistical procedure suggested by Bland and Altman (1986) was used to 

test the agreement between the two methods used to measure medial convergence 

(i.e. semicircular bridge beam versus linear variable differential transformer) where 

the differences between the measured values were plotted against their means. The 

limits o f agreement as suggested by Bland and Altman (1986) were small enough
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for the measurements from the bridge beam to be considered clinically acceptable 

(Charts 10 and 11).

3.3.2 Study of the force necessary to deform the bridge beam

The data obtained from the in-vitro study are presented in two ways:

Using qualitative analysis, where the typical output o f the semicircular bridge 

beam and the force detector beam are shown in Figure 1 (Appendix I).

Using quantitative analysis, where data were presented in scatter-grams 

(Charts 12 and 13). In these charts, the x-axis gives the force applied, while the y-axis 

plots the displacement in millimetres. From the pairs o f values it was possible to 

calculate the equation of a straight line: 

y = a + bx

where y and x represent force and displacement values respectively. The 

positions o f the line depends on a and b. The value a, called the intercept, is the value 

where the line crosses the vertical axis when x = 0. The value b determines how 

quickly the predicted value of y changes as x changes. It is called the slope or gradient 

of the line. The correlation between y and x variables was represented by calculating 

the correlation coefficient (r). The relationship between detected load and 

displacement across the bridge beam was found to be linear with the maximum load 

recorded being 0.5 N. The relationship between applied load and displacement across 

the mandible was found to be linear with a maximum load applied (280 N) to produce 

a 0.08 mm displacement.
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Figure 52. Tracings of the four beams when a 70 N load was applied on the right implant. Ten peak strain measurements
were recorded. Conversion factors are indicated for each beam.
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Figure 53. Tracings of the four beams when a 70 N load was applied on the symphysis. Ten peak strain measurements were
recorded. Conversion factors are indicated for each beam.
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Figure 54. Tracings of the four beams when a 70 N load was applied on the left implant. Ten peak strain
measurements were recorded. Conversion factors are indicated for each beam.
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D i f f e r e n c e  ( % ) 7 . 0 9 . 0 3 . 3

Chart 6. Medial convergence (MG) when a 70 N load was applied to the 
right implant, symphysis and the left implant. Each dotted bar represents the 
mean of 10 readings. Error bars represent 2 SD above and below the mean.

M Measured value 

0  Predicted value

Right implant Symphysis Left implant
Right implant Symphysis Left implant

D i f f e r e n c e  ( % ) 6.0 9.6 5.6

Chart 7. Corporal rotation (CR) when a 70 N load was applied to the right 
implant, symphysis and left implant. Each dotted bar represents the mean of 
10 readings. Error bars represent 2 SD above and below the mean.

185



E  Measured value 

0  Predicted value

Right implant Symphysis Left implant

1 Right implant Symphysis Left implant
D ifference 1 5.6 13.0 2.1

Chart 8. Dorso-ventral (DV) shear when a 70 N load was applied to the 
right implant, symphysis and left implant. Each dotted bar represents the 
mean of 10 readings. Error bars represent 2 SD above and below the mean.
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Chart 9. Predicted values of antero-posterior (AP) shear when a 70 N 
load was applied on the right implant, symphysis and left implant.
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line represents the mean ± 2SD,
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Load vs horizontal displacement of the bridge beam
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Chart 12. Load related to horizontal displacement of the bridge beam.
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Chart 13. Load related to medial convergence (measured using a linear 
variable differential transformer) when static weights were applied in the 
premolar area of the dry mandible.
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3.4 F unctional deform ation  of the  m andib le  {in-vivo)

Realistic pictures of the finite element models with the modelled beams in 

place are presented for one subject (Figures 55-57). The ‘paint model’ function 

available in the software generates ‘realistic plots’ of the mandible by incorporating 

the effect of light sources. Figure 58 shows the deformed beams where the vertical 

displacement at the free end of each beam was converted into the effect of the 

corresponding deformation type (as described in section 2.2.4).

The data obtained from the clinical study is presented in the same form as the 

results o f the in-vitro study. Due to the large number o f results, typical tracings for 

the first subject only are shown in Figure 59. Predicted and measured data on jaw 

deformation are presented in bar Charts 14-20. The x-axis represents the subjects, and 

the y-axis represents the type o f jaw deformation in micrometres in the case of medial 

convergence, and in degrees in the case of corporal rotation, dorso-ventral shear and 

antero-posterior shear. The differences between the measured and predicted data are 

expressed as absolute percentages o f the original models (Table 9, Appendix II).

There are seven charts for each type of jaw deformation:

1. Jaw deformation during maximum opening (Max O).

2. Jaw deformation during right lateral excursion (RLE).

3. Jaw deformation during left lateral excursion (LLE).

4. Jaw deformation during protrusion (P).

5. Jaw deformation when a 20 N force was applied on the right implant at 

maximum opening.

6 . Jaw deformation when a 20 N force was applied on the right implant at 

mid-way opening.

7. Jaw deformation when a 20 N force was applied on the left implant at 

maximum opening.

8 . Jaw deformation when a 20 N force was applied on the left implant at mid

way opening.
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Figure 55. Finite element model of the mandible for one of the subjects 
with the transverse beam modelled to predict corporal rotation.

Figure 56. Finite element model of the mandible for one of the subjects 
with the horizontal beam modelled to predict antero-posterior shear.

190



Figure 57. Finite element model of the mandible for one of the subjects 
with the crossed beams modelled to predict dorso-ventral shear.
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Figure 58. Displacement plots of the deformed right crossed beam top and the horizontal transverse beam 
bottom. For better display the deformation was magnified 30 times, the model was omitted and the deformation 
was presented in two ways: superimposed (right) and coloured bands (left).
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Figure 59. Tracings from the four beams used to measure mandibular deformation during four types of mandibular 
movement. Maximum opening (Max O), protrusion (P), right lateral excursion (RLE) and left lateral excursion (LLE).
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3.5 Statistical analysis

The correlation between the three types of deformation is presented first (Charts 

21-23). Then follow charts correlating subject variables and jaw deformation where four 

regression lines were plotted separately representing maximum opening, protrusion, right 

lateral excursions and left lateral excursions (Charts 24-30). This method allows the 

relationship between x and y to differ among groups (i.e. during maximum opening, 

protrusion, right and left lateral excursions).

Plotting four regression lines allows the study and analysis of the 

interrelationships between the measured jaw deformation (y,k ; i = MC, CR, DV and k = 

1, 2, 3, 4, 5 subjects) and each subject variable (xjk ; j = 1, 2, 3, 4, 5, 6 variables) using a 

weighted least square equation:

yj = a + bxj

where Wk = 1 / Vk is the appropriate weight and Vk is the variance of yi (jaw 

deformation) for the individual.

4

y = 0.105% - 1.1302 

r = 0.7842

0
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Medial convergence (|am)

♦ CR

Chart 21. Medial convergence related to corporal rotation (CR) during 
maximum opening.
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Chart 22. Medial convergence related to dorso-ventral shear (DV) 
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Chart 24. Regression lines of medial convergence against jaw width 
during maximum opening (Max O), right lateral excursion (RLE), left 
lateral excursion (LEE) and protrusion (P). At least one slope differed 
from the others. (F = 80.23, DF = 3, P < 0.05)
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Chart 25. Regression lines of medial convergence against distance 
between implants during maximum opening (Max O), right lateral 
excursion (RLE), left lateral excursion (LEE) and protrusion (P). At least 
one slope differed from the others. (F = 72.41, DF = 3, P < 0.05)
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Chart 26. Regression lines of medial convergence against cross- 
sectional area of the symphysis during maximum opening (Max O), right 
lateral excursion (RLE), left lateral excursion (LLE) and protrusion (P). 
At least one slope differed from the others. (F = 129.23, DF = 3, P < 
0.05)
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Chart 27. Regression lines of medial convergence against symphyseal 
height during maximum opening (Max O), right lateral excursion (RLE), 
left lateral excursion (LLE) and protrusion (P). At least one slope 
differed from the others. (F = 59.43, DF = 3, P < 0.05)
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Chart 28. Regression lines of medial convergence against cross-sectional 
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Chart 29. Regression lines of medial convergence against cross-sectional 
area in the molar region during maximum opening (Max O), right lateral 
excursion (RLE), left lateral excursion (LLE) and protrusion (P). At least 
one slope differed from the others. (F = 37.64, DF = 3, P< 0.05)
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C h art 30. Regression lines of medial convergence against cross- 
sectional area of the condylar neck during maximum opening (Max O), 
right lateral excursion (RLE), left lateral excursion (LLE) and protrusion 
(P). Differences between regression lines fitted to four groups of 
mandibular movements. (F = 88.73, DF = 3, P < 0.05)
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3.6 Finite element model (FEM) predictions

3.6.1 Sensitivity analyses

The detailed modifications to the orthotropic material properties were shown 

in Tables 8 and 9 (section 2A.9.2). The effects of these changes were quantified as the 

differences in principal strain magnitudes between the unchanged FEM (original 

model) for subject 1 prior to the sensitivity analyses and after changing the FEM 

(Tables 16-20).

Because o f the large number o f results the data are presented in Appendix III 

in combined graphical and tabular form.

The material properties that had the biggest impact on the predicted cortical 

principal strain were the shear moduli (alone or in combination, up to 31 % in 

difference from the unchanged state) (Chart 31), the orientation o f the material 

properties o f the elements (37 %) and the absence of cancellous bone (up to 34 %) 

(Tables 16 and 17).

Alterations to the geometry of the mandibular cross section (Table 18), such as 

an increase in corpus dimensions, had the greatest effect on principal strain 

magnitudes (up to 16 %).Changes in the cortical thickness in relation to the width of 

the corpus section modified strain more than alterations to the corpus depth (14 % and 

5 %, respectively).
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Figure 60. Seventeen nodes that form the periosteal cortical outline of 
a mandibular cross section were chosen for the sensitivity analysis.
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Chart 31. Sensitivity analysis demonstrating the effect of changing the shear 
moduli on the principal strain values. Strain values were plotted at 17 nodes 
forming the cortical outline of a mandibular cross section for subject 1 prior 
to the sensitivity analyses (original FEM in red) and after the sensitivity 
analysis (changed FEM in blue).
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MAXIMUM MAXIMUM
VARIABLES PRINCIPAL STRAIN VARIABLES PRINCIPAL STRAIN

SINGLE Max Diff Min Diff COMBINED Max Diff Min Diff
! % % % %

1 ORIGINAL MODEL 0.0 0.0 11 ExEy (+50%) 7.7 0.1

2 Ex (+50%) 5.9 0.0 12 ExEz (+50%) 4.5 0.1

3 Ey(+50%) 2.4 0.0 13 EvEz (+50%) 4.3 0.1

4 Ez(+50%) 4.4 0.3 14 ExEyEz (+50%) 7.6 0.1

5 Vxy(+25%) 1.8 0.0 15 Vxv Vvz(+25%) 2.7 0.1

6 Vxz(+25%) 0.4 0.0 16 Vxv Vxz (+25%) 2.1 0.0

7 Vyz(+25%) 0.8 0.1 17 Vvz Vxz (+25%) 0.9 0.0

8 Gxy(+50%) 13.1 1.6 18 Vxv Vvz Vxz (+25%) 2.6 0.0

9 Gxz(+50%) 24.6 8.9 19 Gxy Gyz (+ 25%) 15.4 2.3

10 Gyz(+50%) 6.7 0.2 20 GxyGxz (+25% ) 27.4 10.0

21 GyzGxz (+25% ) 30.7 11.3

22 GxyEyzGxz (+25% ) 29.1 11.3

Table 16. Sensitivity analyses performed on the FEM after systematic changes in the material’s property 
variables. The maximum (Max Diff) and minimum (Min Diff) differences in maximum principal strain 
magnitudes are expressed as absolute percentages of the original model.

K)



MINIMUM MINIMUM
VARIABLES PRINCIPAL STRAIN VARIABLES PRINCIPAL STRAIN

SINGLE i Max Diff Min Diff COMBINED Max Diff Min Diff
; % % % %

1 ORIGINAL MODEL 0.0 0.0 11 ExEy (+50%) 7.0 0.4

2 Ex (+50%) 6.9 0.2 12 ExEz (+50%) 7.6 0.5

3 Ey(+50%) 1.7 0.1 13 EvEz (+50%) 3.5 0.0

4 Ez(+50%) 3.0 0.3 14 ExEyEz (+50%) 7.0 0.4

5 Vxy(+25%) 1.2 0 .0 15 Vxv Vvz (+25%) 1.2 0.0

6 Vxz (+25%) 0.5 0.0 16 Vxv Vxz (+25%) 1.5 0.0

7 Vyz(+25%) 0.5 0.2 17 Vvz Vxz (+25%) 0.7 0.1

8 Gxy (+50%) 10.5 1.3 18 Vxv Vvz Vxz (+25%) 1.2 0 .0

9 Gxz(+50%) 25.7 11.7 19 Gxy Gyz (+ 25%) 11.4 2.3

10 Gyz (+50%) 5.4 0.1 20 Gxy Gxz (+ 25%) 30.7 10.0

21 GyzGxz (+25% ) 29^9 11.3

22 GxyEyzGxz (+25% ) 30.1 11.3

Table 17. Sensitivity analyses performed on the FEM after systematic changes in the materials’ property 
variables. The maximum (Max Diff) and minimum (Min Diff) differences in minimum principal strain 
magnitudes are expressed as absolute percentages of the original model.
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VARIABLES

SINGLE

MAXIMUM PRINCIPAL 
STRAIN

Max Diff Min Diff

MINIMUM PRINCIPAL 
STRAIN

Max Diff Min Diff

1 ORIGINAL MODEL 0.0 0.0 0.0 0.0

2 Material Orientation (lower border) 27.3 11.4 37.1 2.6

3 1 Absence of cancellous bone 28.8 0.1 33.8 0.2

4 Corpus depth - thickness (+ 0.5mm) 2.7 0.3 1.5 2.2

5 Corpus depth - thickness (+ 1mm) 5.4 0.4 2.2 0.3

6 Corpus depth - translation (+ 0.5 mm) 8.9 0.0 6.1 0.0

7 Corpus depth - translation ( + 1mm) 15.9 0.3 11.0 0.1

8 Corpus width - thickness (+ 0.5 mm) 7.3 0.3 5.8 0.1

9 Corpus width - thickness (+ 1 mm) 13.6 0.3 11.0 0.1

10 Corpus width - translation (+ 0.5 mm) 8.5 0.7 8.5 0.5

11 Corpus width - translation (+ 1 mm) 15.6 0.2 15.9 0.7

Table 18. Sensitivity analyses performed on the FEM after systematic changes in material properties and 
geometric variables. The maximum (Max Diff) and minimum (Min Diff) differences in minimum and 
maximum principal strain magnitudes are expressed as absolute percentages of the original model.



MAXIMUM MINIMUM
VARIABLES PRINCIPAL STRAIN PRINCIPAL STRAIN

SINGLE Max Diff Min Diff Max Diff M fiTDiff”
% % % %

1 ORIGINAL MODEL 0.0 0.0 0.0 0.0

2 E(+25%) 3.6 0.1 4.9 0.0
3 E(+50%) 4.2 0.1 4.7 0.4
4 G (+25%) 3.5 0.5 5.1 0.2

5 G (+50%) 4.1 0.7 5.8 0.6

6 N (+25%) 0.8 0.0 0.7 0.0

7 N (+50%) 1.4 0.0 0.7 0.0

Table 19. Sensitivity analyses performed on the FEM after systematic changes in 
the material property variables of the modelled bridge beam. The maximum (Max 
Diff) and minimum (Min Diff) differences in minimum and maximum principal 
strain magnitudes are expressed as absolute percentages of the original model.

INTER IMPLANT DISPLACEMENTS
VARIABLES DIFFERENCES (%)

1 ORIGINAL MODEL 0.0

2 E(+25%) 1.8
3 E(+50%) 2.1
4 V(+25%) 0.4
5 V(+50%) 0.5
6 Gxy (+25%) 1.5
7 Gxz (+50%) 2.7

Table 20. Sensitivity analyses performed on the FEM after systematic 
changes in the material property variables of the modelled bridge beam. The 
effects of these changes were quantified as the differences in the linear inter implant 
displacements between the original FEM for subject 1 prior to the sensitivity analysis 
and the modified FEM. The differences were expressed as absolute percentages of 
the original values.
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3.6.2 Jaw deformation

Each simulated movement caused the mandible to deform in a different way. 

Antero-lateral views of the FEM for subject 1 are shown in Figures 61-64 for 

maximum opening (Max O), right lateral excursions (RLE), left lateral excursions 

(LLE) and protrusion (P). The non-deformed state in each figure depicts the model 

with its structural elements in their unloaded condition. The deformed state is one in 

which the action of the muscular loads displaced the structural elements, and the 

model had reached the state o f static equilibrium. Displacement has been magnified 

in the figures to make mandibular deformation more evident. Actual deformations 

were relatively small; the maximum displacement for maximum opening was 0.8 

mm, for RLE 1.1 mm, for LLE 0.9 mm and for protrusion 1.07 mm. During 

protrusion the Jaw deformed in a clockwise manner, and the right side bent upwards 

and inwards indicating corporal rotation. During opening, the right and left sides of  

the mandible deformed, turning anti-clockwise and clockwise, respectively. During 

lateral excursions the contralateral side was displaced medially and slightly upwards, 

rather than being rotated, indicating decreased corporal rotation compared to opening 

and protrusion. This agrees with the findings of this study that corporal rotation has 

its lowest values during lateral excursive movements.
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( - 10 .0  - 10 . 0 )

■=T0.0)

Figure 61. Antero-lateral view of the FEM in its non-deformed (black) 
and deformed (red) states during maximum opening. The display of the 
deformed state was magnified 30 times and the implants and beams were 
omitted to make the distinction more evident.

<10.0 10. 0)

<10.0 10. 0)

( - 1 0 .0  - 10 . 0 )

0. 0)

Figure 62. Antero-lateral view of the FEM in its non-deformed (black) 
and deformed (red) states during protrusion. The display of the deformed 
state was magnified 30 times and the implants and beams were omitted to 
make the distinction more evident.
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Figure 63. Antero-lateral view of the FEM in its deformed (red) and non- 
deformed (black) states during simulated right lateral excursion. The 
display of the deformed state was magnified 30 times and the implants 
and beams were omitted to make the distinction more evident.

<10 .0  10 . 0 )

< - 10.0  - 10 . 0 )

=̂10. 0)

Figure 64. Antero-lateral view of the FEM in its deformed (red) and non- 
deformed (black) states during simulated left lateral excursion. The 
display of the deformed state was magnified 30 times and the implants 
and beams were omitted to make the distinction more evident.
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3.6.3 Stress

Stress values ranged from 58.2 to 462.3 MPa for the maximum principal 

stress, from -  46.8 to -  452.1 MPa for the minimum principal stress, and from 111.3 

to 343.3 MPa for the maximum shear stress (Table 21). In all cases the maximum 

stress occurred either in the subcondylar region, the mandibular angle, and the 

coronoid notch area, or at the implant level and symphysis (Figures 65 and 66). The 

stress distributions are shown in the form of contoured line plots where each line 

represents a different value (Figures 67-70, Table 22). To enhance the distribution 

patterns o f principal stresses on the cortical surface of the mandibular model, the 

stresses were displayed at lower ranges of magnitude. Thirteen types o f principal 

stress contours are shown laterally and medially for each side o f the mandible 

(Figures 67-70). Displayed in this section are the principal stress line contours on the 

lateral aspects o f the right and left side of the mandible during maximum opening 

(Max O), protrusion (P), right lateral excursion (RLE) and left lateral excursion 

(LLE).

3.6.3.1 Maximum principal stress

In all cases, areas experiencing high gradients of maximum principal stress 

involved the subcondylar region and the mandibular angle (Figure 67). On the lateral 

aspect, the jaw was affected by bands o f high maximum principal stress, which ran 

down laterally from the condyles to the lower border. Whereas these bands were 

broad and affected most o f the condylar process bilaterally in maximum opening and 

protrusion, they were less intense on the right and left working side during right and 

left lateral excursion respectively, and when a load was applied on the right and left 

implant, respectively. In addition, these bands of high maximum stress continued to 

meet the lower border laterally below the molar region. During right lateral excursion,
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the entire alveolar segment on the left balancing side experienced steeper gradients of 

maximum principal stress compared to other mandibular positions (Figure 67).

On the medial aspect, the coronoid process experienced increased maximum 

principal stress in its most anterior medial aspect and a region on the ramus inferior to 

the coronoid notch (Figure 68). In the case o f right and left lateral excursion, the 

coronoid processes and rami experienced broad areas of high maximum principal 

stress on the right and left working sides, respectively, which covered approximately 

half o f the coronoid process medially and about two-thirds of the ramus anteriorly. 

Also an area of high maximum principal stress appeared medially below the alveolar 

crest in the molar region on the left and right balancing side, respectively. This was 

also true on the medial aspect o f the right and left working side when load was 

applied on the right and left implants, respectively.

Areas o f maximum principal stress were mainly in tension. In summary, areas 

experiencing high magnitudes of tension include the subcondylar area and the lower 

buccal half. The upper half portion of the alveolar bone experienced tensile stress on 

the left side especially during right lateral excursion.
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M AXIM UM  
STRESS (M Pa)

JAW POSITION

Right Side 

Maximum Principal

Maximum
Opening

170.2

Right Lateral 
Excursion

155.8

Left Lateral 
Excursion

58.2

Protrusion

360.2

Minimum Principal -49.4 -46.8 -123.7 -101.1

Maximum Shear 133.3 129.2 129.8 23L3

Left Side

Maximum Principal 168.6 86.3 162.3 346.3

Minimum Principal -52.1 -150.2 -44.0 -103.3

Maximum Shear 129.6 111.3 130.2 215.4

MAXIMUM
STRESS

(MPa)

Right Side

Maximum
Principal
Minimum
Principal
Maximum
Shear

Left Side

Maximum
Principal
Minimum
Principal
Maximum
Shear

JAW POSITION

F o r c e  A p p l i e d  t o  

t h e  R i g h t  I m p l a n t

Maximum Opening

F o r c e  A p p l i e d  t o  

t h e  R i g h t  I m p l a n t

Mid-way Opening

F o r c e  A p p l i e d  t o  

t h e  L e f t  I m p l a n t

MaximumOpening

F o r c e  A p p l i e d  t o  

t h e  L e f t  I m p l a n t

Mid-way Opening

370.2 355.8 158.2 1451.1

-150.4 -146.8 -423.7 -410.2

3 4 3 J 3 2 9 2 3 2 ^ 8 3 3 3 3

168.6 161.3 462.3 460.3

-452.1 -450.2 -144.0 -130.3

229j 211.3 230.2 315.4

T a b le  2 1 . Maximum stress values predicted by the FEM. The highest 
(maximum) values calculated on the right and left sides of the mandible 
during all simulated jaw positions are given bilaterally for maximum and 
minimum principal stress as well as maximum shear stress.
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D IS P L A Y  I I I  -  GEOMETRY MODELING SYSTEM ( 8 . 0 . 0 )  P R E /P O S T  MODULE

RANGE* 6 4 5 1 . 1 7 4

"  1 2 . 0  
-  1 0 . 8

m

LATERAL VIEW-RIGHT HENIHANDIBLE

Figure 65. Maximum principal stress bands on the lateral aspect of the 
right side of the mandible during maximum opening. Colour numbers 
reflect specific stress magnitudes.

I

Figure 66. Maximum principal stress bands on the lateral aspect of the 
left side of the mandible during maximum opening. Colour numbers 
reflect specific stress magnitudes.
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RIG H T LEFT

Maximum
Opening

Protrusion

Right Lateral 
Excursion

Left Lateral 
Excursion

Figure 67. Maximum principal stress contours on the lateral aspect of the right and 
left sides of the mandible during maximum opening, protrusion, right lateral 
excursion and left lateral excursion. Colour numbers reflect specific stress 
magnitudes. To enhance the distribution patterns of principal stresses on the cortical 
surface of the mandibular model 13 types of principal stress contours are only 
shown for each side.
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Maximum
Opening

LEFT

Protrusion

Right Lateral 
Excursion

Left Lateral 
Excursion

Figure 68. Maximum principal stress contours on the medial aspect of the right and left 
sides of the mandible during maximum opening, protrusion, right lateral excursion and 
left lateral excursion. Colour numbers reflect specific stress magnitudes. To enhance the 
distribution patterns of principal stresses on the cortical surface of the mandibular model 
13 types of principal stress contours are only shown for each side. ^21



Maximum
Opening

123
Protrusion

I Right Lateral 
Excursion

Excursion

Figure 69. Minimum principal stress contours on the lateral aspect of the right 
and left sides of the mandible during maximum opening, protrusion, right lateral 
excursion and left lateral excursion. Colour numbers reflect specific stress 
magnitudes. To enhance the distribution patterns of principal stresses on the 
cortical surface of the mandibular model 13 types of principal stress contours are 
only shown for each side.
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Opening

Protrusion

Right Lateral 
Excursion

Left Lateral 
Excursion

Figure 63. Minimum principal stress contours on the medial aspect of the right and left 
sides of the mandible during maximum opening, protrusion, right lateral excursion and 
left lateral excursion. Colour numbers reflect specific stress magnitudes. To enhance the 
distribution patterns of principal stresses on the cortical surface of the mandibular model 
13 types of principal stress contours are only shown for each side.
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STRESS LINE MAXIMUM PRINCIPAL M INIM UM PRINCIPAL
NUM BER STRESS (MPa) STRESS (MPa)

1 1.2 -15.6
2 2.4 -14.4
3 3.6 -13.2
4 4.8 -12.0
5 6.0 -10.8
6 7.2 -9.6
7 8.4 -8.4
8 9.6 -7.2
9 10.8 -6.0
10 12.0 -4.8
11 13.2 -3.6
12 14.4 -2.4
13 15.6 -1.2

Table 22. Stress magnitudes with corresponding contoured stress line 

numbers used to represent maximum and minimum principal stresses.

3.6.3.2 Minimum principal stress

In all cases areas experiencing high gradients of minimum principal stress 

involved the antero-lateral surface of the coronoid processes and notch, the upper 1/3 

of the ramus region laterally and the posterior border of the ramus medially. On the 

lateral aspect, the jaw was affected by a region of high minimum principal stress, 

which occupied almost the middle aspect of the ramus, ending at the base of the 

coronoid process. During protrusion, bands of high minimum principal stress 

extended down to the lower border and then up to the alveolar segment, describing a 

curved pattern. The lateral aspect of the symphyseal region experienced high levels of 

minimum principal stress during right and left lateral excursion (Figure 69). On the 

medial aspect, the lower half of the mandible experienced a high amount of minimum 

principal stress during protrusion, the right and left balancing side during left and 

right lateral excursion. Areas of minimum principal stress were mainly in 

compression. In summary, areas experiencing high magnitudes of compression
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included the coronoid processes, lower half of the corpus medially and an area o f the 

ramus stretching onto the buccal aspect of the alveolar bone on the right side during 

maximum opening, protrusion and the left side during left lateral excursion (Figure 

69).

3.6.3.3 Maximum shear stress

In all cases, areas experiencing high gradients of maximum shear stress 

involved the subcondylar and ramus regions both laterally and medially. On the 

lateral aspect in all cases, the jaw was affected by a region o f high maximum shear 

stress which occupied approximately half o f the lateral aspect o f the ramus, between 

the posterior jaw border and a region below the coronoid notch. During maximum 

opening, the base o f the coronoid process and a region on the corpus from the canine 

area down and posteriorly to the symphysis experienced the highest amounts of 

maximum shear stress. A similar pattern was observed on the lateral aspect o f the 

right working side during protrusion and at the lower symphyseal region. The 

mandibular positions with the least amount of maximum shear stress were the right 

and left lateral excursions.

During protrusion, the medial aspect of the lower mandibular half on the left 

balancing side experienced the widest area of maximum shear stress. A similar but 

less intense pattern was observed during right and left lateral excursions, in addition 

to areas of high maximum shear stress in the subcondylar and antegonial regions, a 

band o f high shear stress ran from the molar area down to the lower jaw border at the 

symphyseal region.
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3.6.3.4 Sym physeal stress

Stresses were quantified for maximum opening, protrusion, and right and left 

lateral excursions at 18 nodes forming the cortical outline of the mid-sagittal 

symphseal region (Figure 71). In all cases, right and left lateral excursion evoked the 

lowest stress magnitudes.

Maximum principal stress was higher on the lower jaw border and the 

anterior (labial) aspect o f the symphyseal region than on its posterior (lingual) side 

during all movements except maximum opening, which evoked higher magnitudes o f 

stress at the posterior aspect o f the symphysis. In all cases, the lowest values were 

found at the most superior and posterior locations.

Minimum principal stress had peaks o f intensity at the most superior and 

posterior locations during maximum opening and protrusion. The anterior aspect of 

the symphyseal region also experienced elevated magnitudes o f minimum principal 

stress during protrusion and maximum opening. The magnitudes of maximum shear 

stress were approximately symmetrically distributed between the anterior and the 

posterior aspects o f the symphyseal region during all movements except for 

protrusion, which caused higher shear on the anterior symphysis.
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A

Figure 71. Principal and maxi
mum shear stress magnitudes 
at the symphysis during 
various jaw positions. Stress 
values were plotted at 18 nodes 
forming the cortical outline of 
the symphysis. Nodes 2 to 9 
were located on the anterior 
(A) aspect of the symphyseal 
outline and nodes 11 to 18 on 
the posterior (?) side.
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3 6.3.5 C ondy la r stress

The average and maximum values of the principal and shear stresses are given 

in Table 23.

Maximum shear stress on the condylar surfaces was bilaterally similar. It was 

highest during protrusion, then in decreasing order in maximum opening, right lateral 

excursion and last, in left lateral excursion (Table 23). In left lateral excursion the 

right balancing side condyle experienced approximately two to three times more 

maximum shear stress than the left working side condyle. When force was applied on 

the right and left implants the highest values were recorded during mid-way opening.

The distribution of maximum principal stresses was similar for all jaw 

positions on the right condylar surfaces (Figure 72). The general pattern observed was 

that o f a central area of the condyle in tension and surrounded by a steeper gradient 

region of maximum principal stress. In left lateral excursion, however, the right 

condyle experienced a slightly higher maximum principal stress distribution on its 

lateral third. Asymmetrical patterns o f stress distribution and differences between jaw 

positions were evident on the left condylar surface in all cases.

The distribution of minimum principal stress was basically dissimilar in all 

jaw positions on the right and left condylar surfaces (Figure 72). During maximum 

opening, the area with high minimum principal stress on the right side was located 

more anteriorly and medially than on the left side. In protrusion, the highest amount 

of minimum principal stress spread to a wider area on the condyle. During right and 

left lateral excursion, the area with highest compression located at the central third of 

the right and left condylar surfaces, respectively.
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JAW POSITION

STRESS (MPa)
Maximum Right Lateral 
Opening Excursion

Left Lateral 
Excursion Protrusion

AVG MAX AVG MAX AVG MAX AVG MAX

Right Condyle

Maximum Principal 3.4 11.6 1.3 13.1 1.4 4.8 2 .8 15.6

Minimum Principal -1.2 -8.1 -3.5 -6.9 -1.7 -5.9 -1.4 -6.0

Maximum Shear 3.1 7.9 1.9 6.0 1.8 5.8 3.2 8.2

Left Condyle

Maximum Principal 2.9 8.23 1.3 1.8 1.7 9.8 3.2 15.6

Minimum Principal -1.4 -& 8 -1.4 -2 .8 -0.9 -1.9 -1.4 -10.8

Maximum Shear 1.9 4.3 1.8 2.4 1.2 2.1 3.1 7.8

JAW POSITION
Force Applied 
to the Right 
Implant

Force Applied 
to the Right 
Implant

Force Applied 
to the Left 
Implant

Force Applied 
to the Left 
Implant

STRESS (MPa) Maximum
Opening

Mid-way 
Opening

Maximum
Opening

Mid-way
Opening

AVG MAX AVG MAX AVG MAX AVG MAX

Right Condyle

Maximum Principal 1 6.2 15.3 5.2 10.2 1.6 13.2 1.5 12.9

Minimum Principal -2.9 -9.6 -2.7 -93 -7.0 -16.2 -6 .2 -14.9

Maximum Shear 2.9 6 .2 3.9 9.1 1.9 7.1 1.8 6.0

Left Condyle

Maximum Principal 1.7 133 1.6 12.9 6.3 15.4 5.3 10.3

Minimum Principal -7.1 -16.3 -6.3 -15.0 -3.0 -9.7 -2 .8 -9.3

Maximum Shear 2.0 7.2 1.9 6.1 3.1 6.3 3.9 9.2

Table 23. Condylar principal stress values predicted by the FEM. The 
highest (MAX) and average (AVG) values calculated on top o f condylar 
surfaces during all simulated mandibular movements are given bilaterally 
for the maximum and minimum principal stresses as well as maximum 
shear stress.
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Figure 72. Maximum and minimum principal stress-line contours on the upper surfaces of the mandibular condyles during 
various jaw positions. Numbers on plotted stress lines reflect stress magnitudes. Numbers plotted on stress line contours on the 
mandibular surface reflect specific stress magnitudes, which are given in Table 22.



3.6.3.6 C ondy lar forces

The average, maximum and total force magnitudes on the upper condylar 

surfaces for 36 nodes during various mandibular positions are shown in Table 24. 

Although slightly dissimilar in total magnitude, the condylar forces were similar on 

both condyles during maximum opening and protrusion. In right and left lateral 

excursion, the balancing side experienced the highest average and total forces overall, 

while the working side showed a smaller magnitude. Similar patterns were observed 

when forces were applied to the right and left implants.

JAW POSITION

CONDYLAR 

FORCES (N)

M axim um
O pening

Right Left

Left Lateral 
Excursion

Right Left

R ight Lateral 
Excursion

Right Left

Protrusion  

Right Left

Average 3 3  2 9 3J) 2 8 2A 2 8 3 22
Maximum 8 7.9 9.1 8 7.8 9.7 7.7 8
Total 1 119 104 130 100 

JAW POSITION

86 137 108 115

Force Applied Force Applied Force Applied to Force Applied
to the Right to the Left the Right to the Left

CONDYLAR Implant Implant Implant Implant

FORCES (N) Maximum Midway Maximum Midway
Opening Opening Opening Opening

Right Left Right Left Right Left Right Left

Average 5A &8 4.0 4.8 7\6 6 3 7.4 7.0
Maximum 7.8 9.7 8 2  &9 12.1 9 9 3  9
Total 1 194 245 144 173 274 245 266 252

Table 24. Force magnitudes on the upper condylar surfaces during various 
mandibular movements. The average, maximum and total forces are given for 
36 nodes on the upper right and left condylar surfaces.
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3.6.4 S tra in

Table 25 shows the magnitudes and directions of the principal strains at eight 

nodes located on the mandibular cortex: two at the anterior aspect of the symphysis 

(Si and 8 2 , where 1 and 2  refer to the superior and inferior labial border, respectively), 

two at the posterior side of the symphysis (S3 and S4, where 3 and 4 refer to the 

superior and inferior lingual border, respectively), two in the molar region on the 

lateral aspect o f the corpus (Mr and Mi, where r and 1 refer to right and left, 

respectively), and two on the lateral aspect o f the ramus in the condylar neck region 

(Cr and Cl). To illustrate strain directions, the calculated angles at the symphysis were 

projected onto the frontal plane, and those from the molar as well as the subcondylar 

regions onto the lateral plane. Figures 73 and 74 illustrate the locations o f the nodes 

and their projected principal strains referenced to the mandibular plane. General 

trends in strain magnitudes were observed for all mandibular movements. Maximum 

and minimum principal strain tended to be highest bilaterally at the rami during 

maximum opening and protrusion and unilaterally at the balancing side rami during 

left and right lateral excursions.
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MAXIMUM PRINCIPAL STRAIN

NODE Maximum Left Lateral Right Lateral
LOCATION Opening Excursion Excursion r  rotrusion

P£
Angle

p e
Angle

p c
Angle

p c
Angle

S i 143 -69.89 240 -43.0 320 55.0 490 20.0
S 2 129 59.0 66 -45.3 113 43.2 129 -10.2
S3 1 179 -80.1 97 -75.0 90 30.2 260 71.6
S4 437 8&8 86 52.8 85 38.3 89 -71.8
M r 1 841 -37.4 127 12.1 360 6L2 800 -45.4
M l 582 -34.9 343 -45.4 120 -50.0 550 -27.5
Cr 1 1035 -64.8 746 -80.0 245 -17.8 1080 -71.7
Cl 651 12.2 259 -&9 780 70.2 773 28.0

MINIMUM PRINCIPAL STRAIN

NODE Maximum Left Lateral Right Lateral
LOCATION Opening Excursion Excursion 1 ru iru sion

P E
Angle

P E
Angle

p E
Angle

\X  8
Angle

Si -269 -17.3 -133 70.0 -119 -49.1 -670 84.2
S 2 -275 -10.3 -141 65J -125 -43.0 -710 79.4
S3 11 -227 70.0 -280 49.0 -255 -52.4 -900 12.0
S4 -121 -89.0 -90 43.9 -78 -58.4 -400 67.2
M r  1I -680 48.3 -130 -75.0 -390 68.8 -780 55 j
M l -531 47.3 -300 39.0 -155 29.8 -730 53.0
C r  I1 -1930 -80.9 -177 83.0 -1205 85J! -1200 -73.4
Cl -1742 -80.3 -1123 -87.0 -182 65.0 -1312 -78.7

Table 25. Magnitudes and directions of the principal strain at eight selected 
nodes on the mandibular cortical surface of the FEM. Magnitudes are given in 
microstrain (pc). The calculated angles for Si, S2, S3 and S4 are projected to 
the frontal plane using the arctan of their corresponding directional cosines 
(y/x). The calculated angles for Mr, Mi, Cr and Ci were projected to the lateral 
plane using the aretan of their respective directional cosines values (z/y). 
Positive angular values indicated the directions of principal strains counter
clockwise from X and y axes in the frontal and lateral planes, respectively.
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Right Left

Figure 73. Directions of the principal strains on the mandibular cortical surface during 
simulated mandibular functions. Red arrows indicate the directions of calculated 
maximum principal strains. The coordinate system shows the alignment of the projected 
angles axy and Pyz to their corresponding global x, y and z axes, axy was used to present the 
directions at the symphyseal region. For representation of the corpus and the subcondylar 
strain directions, corresponding angles pyz were used. Numbers 1 to 4 relate to jaw 
positions during maximum opening, left lateral excursion, right lateral excursion and 
protrusion, respectively.
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Right Left

Figure 74. Directions of the principal strains on the mandibular cortieal surface during 
simulated mandibular funetions. Blue arrows indieate the direetions of calculated 
minimum principal strains. The co-ordinate system shows the alignment of the projected 
angles axy and pyz to their corresponding global x, y and z axes, axy was used to present the 
direetions at the symphyseal region. For representation of the corpus and the subcondylar 
strain directions, corresponding angles pyz were used. Numbers 1 to 4 relate to jaw 
positions during maximum opening, left lateral exeursion, right lateral excursion and
n ro tn is in n  re^ n erfiv e lv
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3.6.4.1 M axim um  princ ipa l s tra in

During maximum opening, the highest maximum principal strain at the 

symphysis manifested on its postero-inferior aspect and was more or less directed 

parallel to the vertical on both sides (Table 25). In protrusion, however, the highest 

maximum principal strain was located antero-superiorly and the orientation o f strain 

was almost parallel to the mandibular plane at all anterior sites (Figures 73 and 75). 

Hence, the difference in the direction o f the maximum principal strain was 

approximately 90 degrees between maximum opening and protrusion at the 

symphysis. During lateral excursions, the highest maximum principal strain was 

located antero-superiorly (Table 25). On the anterior symphyseal region in both right 

and left lateral excursion, maximum principal strain was directed obliquely upwards 

and towards the corresponding balancing side at approximately 45 degrees to the 

mandibular plane (Figures 73 and 76). The reverse was true at the posterior 

symphyseal aspect. In general, whereas maximum principal strain was oriented 

parallel to the vertical and horizontal planes during opening and protrusion 

respectively, left and right lateral excursions were also oriented at 90 degrees to each 

other. Similar orientations in maximum principal strain were observed bilaterally in 

the molar region during protrusion and maximum opening, although a difference of 

approximately 250 microstrain was apparent between the sides in the latter jaw 

position (Table 25). During right and left lateral excursion, the balancing side showed 

less maximum principal strain than the working side. In the left molar region, the 

directions o f the maximum principal strain did not differ greatly during maximum 

opening, protrusion and left and right lateral excursion (Figure 73). Here, maximum 

principal strain was oriented upwards and posteriorly. In the right molar area, the 

directions o f maximum opening and protrusion did not differ significantly with a
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general upward and backward orientation. On the right side, left lateral excursion was 

oriented almost parallel to the mandibular plane.

During protrusion and maximum opening, the right subcondylar area 

apparently experienced higher maximum principal strain than the contralateral side. 

This relationship, however, was more evident between the high strain magnitude 

observed on the right and left balancing side subcondylar regions during left and right 

lateral excursions respectively, as compared to the low values registered on the left 

and right working subcondylar areas (Table 25). Only slight differences in the 

maximum principal strain directions were apparent on the left side during protrusion, 

maximum opening and left lateral excursion where the orientations were almost 

parallel to the mandibular plane. On the right side, left lateral excursion showed 

vertical orientations of maximum principal strain while right lateral excursion, 

maximum opening and protrusion had more posteriorly oriented strains.

3.6 4.2 Minimum principal strain

During maximum opening, the highest minimum principal strain at the 

symphysis was located on its anterior aspect (Table 25), and was more or less directed 

parallel to the mandibular plane on both sites (Figure 74). In protrusion, however, the 

highest minimum principal strain was located postero-superiorly and the orientation 

of strain was almost vertical on the anterior aspect o f the symphysis (Figure 74). On 

the posterior aspect o f the symphysis during protrusion, however, minimum principal 

strain was almost horizontal at the upper level, and became more vertical at the lower 

location. Hence, the difference in the directions o f the minimum principal strain was 

approximately 90 degrees between protrusion and maximum opening at the anterior 

and the postero-inferior aspects of the symphysis. During lateral excursions, the 

highest minimum principal strain was located postero-superiorly (Table 25). On the
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anterior aspect o f the symphysis, minimum principal strain was directed obliquely 

towards the corresponding working side at approximately 45 degrees to the 

mandibular plane. The reverse was true at the posterior aspect of the symphysis.

Similar magnitudes in minimum principal strain were observed bilaterally in 

the molar region during protrusion and maximum opening (Table 25). During lateral 

excursions, the molar region on the balancing side showed less minimum principal 

strain than on the working side. The directions of minimum principal strain did not 

differ greatly. In the right and left molar area, the directions during maximum 

opening, protrusion and right lateral excursion did not differ significantly, and had a 

general upward and forwards orientation. On the right side, the direction of minimum 

principal strain during left lateral excursion, however, was more vertical and 

posteriorly oriented (Figure 74).

During maximum opening and protrusion, the subcondylar area experienced 

more or less similar magnitudes of minimum principal strain (Table 25). In lateral 

excursions, however, the working side subcondylar area clearly showed higher 

minimum principal values than its counterpart on the balancing side. Only slight 

differences in minimum principal strain directions were apparent on the right side 

between protrusion, maximum opening and left lateral excursion, where the 

orientations of minimum principal strain were almost perpendicular to the mandibular 

plane. On the left side, right lateral excursion showed more anterior orientations of 

minimum principal strain as compared to maximum opening, protrusion and left 

lateral excursion whose directions were more vertical.
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Figure 75. Mid-sagittal display of the directions of principal strains at the symphyseal 
region cross section during opening (A) and protrusion (C). Mid-sagittal display of 
symphyseal cross section in its deformed (red) and non-deformed (black) states during 
maximum opening (B) and protrusion (D).
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Figure 76. Mid-sagittal display of the directions of principal strains at the symphyseal 
region cross section. (A) illustrates maximum principal strain directed inward and 
upward when viewed antero-laterally during left lateral excursion, whereas the reverse 
was true during right lateral excursion (B).
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CHAPTER FOUR
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4. Discussion 

4.1 Deformation of the mandible

Previous investigations, based on results obtained from in-vivo studies on 

animals using strain gauges, have demonstrated elastic deformation of the mammalian 

jaw during function. Localised mandibular distortion has been measured directly on 

animal cortical bone, using electrical resistance foil strain gauges, during static and 

dynamic masticatory functions in the subcondylar and ramus areas (Hylander 1979a, 

b), in the symphyseal region (Hylander 1984) and below the molars (Weijs and de 

Jongh 1977, Hylander 1977. These studies concluded that the mandibular corpus 

manifests three basic patterns of deformation during function:

1. Transverse distortion, either medially or laterally directed

2. (Para) sagittal deformation, either superiorly or interiorly oriented

3. Rotational distortion, either clockwise or counterclockwise

4.1.1 Deformation of the mandible {in-vitro)

Accurate data is necessary for any reliable modelling technique, whether 

mechanical or computer-based. This part o f the study was concerned with the 

measurement systems and conventions that were developed and the jaw deformations 

they revealed.

The dry mandible was loaded in a rig based on work done by Abdel-Latif 

(1996) where the orientation of the closing muscles of the jaw was determined by 

measurements from human skulls. It is probable that the skulls employed by Abdel- 

Latif were sufficiently similar to those o f the white British population to make them 

suitable for the clinical investigations. Known differences in skull geometry in other 

racial groups (Jacobsen 1978) would, however, make this application less certain in 

subjects from other ethnic groups. It can also be argued that variations in skeletal
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patterns would be relevant in this context; however, the edentulous skulls used in 

Abdel-Latif s study were selected as probably having a class I skeletal pattern, and the 

subjects were chosen on a similar basis. Nevertheless, the relationships between the 

skeletal pattern, jaw geometry and masticatory forces are worthy o f further study.

4.1.1.1 Rigidity of the semicircular bridge beam

When using displacement transducers to detect different patterns of jaw 

deformation, it is clearly appropriate that the force required to activate the transducer 

(semicircular bridge beam) interferes minimally with the mechanical behaviour o f the 

mandible. This issue was investigated in a series of experiments. First, the detected 

medial convergence was compared clinically using either a linear variable differential 

transformer (LVDT), which was essentially frictionless, with a strain gauge beam 

under identical loading conditions. A statistical procedure suggested by Bland and 

Altman (1986) was used to test agreement between the two methods. The limits of 

agreement were small enough for the measurements from the bridge beam to be 

considered clinically acceptable. Second, the force / displacement characteristics o f a 

dried mandible and those of the bridge beam were compared. The load across the 

mandible, when mounted in a loading jig, needed to produce a deformation of 0.1 mm 

was 333 N, whilst the load across the bridge beam, when mounted on a two-axis 

sliding table, needed to produce a similar deformation was 0.5 N. Whilst it is accepted 

that the physical properties of dried mandible are not identical to that o f the same 

bone in-vivo, nevertheless the results indicate a large disparity and imply that the 

effect of the bridge beam on jaw stiffness in the loading mode would probably have 

been negligible. Third, a series of finite element models of the bridge beam with 

increasing rigidity were used to elicit more information, although, inevitably, more 

rigid beams are associated with reduced sensitivity. The biggest difference in
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principal strain magnitudes between the unmodified FEM (original) prior to 

sensitivity analyses and after changing the FEM was 5.8 %. The differences in strain 

values were small enough for the measurements from the bridge beam to be 

considered clinically acceptable. Furthermore, the semicircular bridge beam was 

especially suitable for measuring medial convergence due to its minimal bulk 

compared with an LVDT. Therefore the bridge beam was considered suitable for this 

study.

The results o f this project showed that deformation was related to where the 

force was applied, depending on whether the load was on the right or left implant or at 

the symphysis. Applying a load on the right implant produced greater medial 

convergence and corporal rotation than loading the left implant. The marked 

differences could possibly be explained by jaw asymmetry. This finding agrees with 

the results o f the finite element analysis, which also showed more deformation on the 

right side than on the left side.

4.1.2 Deformation of the mandible {in-vivo)

The strain values detected by the transducers verified the finite element 

models as well as provided clinical values for jaw deformation, which were later 

related to variables thought to be important for understanding this phenomenon.

Designing the in-vivo experiment for every subject was a painstaking 

procedure. Each patient required a set of customised displacement transducers 

designed to fit within the limits of the available interocclusal distance. Difficulties 

also arose fi-om the need for tongue space. It was deemed inappropriate to consider 

the output o f each of the four measuring beams in isolation since it had been 

suggested that all the deformation types that occur in the mandible take place 

concurrently (Hylander 1984, Abdel-Latif 1996), albeit to varying degrees.
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Increasing the sample size would have provided more accurate results, 

especially in the analysis o f the subject variables (e.g. symphyseal height and 

symphyseal cross section), but it was not feasible to include more subjects in the 

study.

4.1.2.1 Medial convergence (MC)

Studies of medial convergence in human subjects during dynamic jaw 

movements such as opening, retraction and protrusion have shown that the lower 

dental arch can either widen (Burch and Borchers 1970, Omar and Wise 1981, Abdel- 

Latif 1996) or narrow (Picton 1962, Osborne and Tomlin 1964, Omar and Wise 1981, 

Grant 1986, Abdel-Latif 1996, Horiuchi et al 1997).

In the above-mentioned experiments, the horizontal jaw deformation ranged 

from 16 pm to 780 pm, and was consistently more pronounced in protrusive 

movements than in other patterns o f jaw movement. The wide range o f results in the 

various investigations is possibly attributable to differences in methodology as well as 

variations in masticatory muscle activity between the subjects.

The amount o f medial convergence recorded in this study fell within the range 

of previously published data. Measurements during opening movements had a range 

of 23.0 to 34.5 pm. Medial convergence was most extensive in protrusion and ranged 

between 23.3 and 57.8 pm. The larger value found during protrusion in this study is 

consistent with other reports, and could be attributed to the onset of lateral pterygoid 

activity being delayed in jaw opening compared to that in jaw protrusion (Ueda 1992).

Medial convergence during lateral jaw movements was less pronounced and 

ranged between 11 and 22 pm. This range is similar to data reported by Abdel-Latif 

(1996) and Hobkirk and Schwab (1991). Smaller convergence values could be
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attributed to the fact that during protrusion the lateral pterygoid muscles are both 

active, while during lateral excursions only one of them is active (Schwab 1990).

This in-vivo study lead to the conclusion that medial convergence (MC) could 

be explained by the action of the lateral pterygoid muscles, which theory is supported 

by the smaller amount o f MC found in the in-vitro study, where the lateral pterygoid 

muscles were excluded.

The relatively low values of MC found here could also be associated with the 

fact that the study was carried out on edentulous subjects treated with fixed 

osseointegrated implants instead of linking the transducers to natural teeth.

Results from the finite element model agreed with the clinical results when the 

inter-proximal friction coefficients were not included in the modelling process. This 

study suggests that a more detailed finite element analysis focussing on the bone / 

implant interface might be of considerable value.

4.1.2.2 Corporal rotation (CR)

Beecher (1977) suggested that corporal rotation occurs only during the power 

stroke of mastication. This study, however, showed that corporal rotation takes place 

immediately on the commencement of movement.

The shear angle ranged from 0.8 to 1.6 degrees during opening movements. 

The highest value was recorded during protrusive movements for subject 4. The range 

during lateral excursion was smaller at 0.7 to 1.0 degrees.

Applying load on the right implant always produced more corporal rotation 

than applying load on the left side. The smallest corporal rotation was also recorded 

for subject 4 when load was applied to the left implant and the jaw was at mid-way 

opening. It is worthy of note that applying a load to the left implant in this patient 

produced negative convergence (i.e. divergence).
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Applying load to the left and right implants produced negative corporal 

rotation recordings in subjects 3 and 4 (data seem to be inverted, Charts 16 and 17). 

There are four possible explanations for this. First, both subjects had the widest 

distances between the implants and the widest jaws, although the relevance of these 

possible relationships must remain speculative. Second, both subjects had recently 

experienced clicking of the right temporomandibular joint. As the superior head of the 

lateral pterygoid muscle is an important isometric muscle of the joint, i.e. an 

important stabilizer, it is possible that in these two subjects the clicking of the joint 

might be related to the reversed corporal rotation. Third, since the recruitment o f the 

muscles during specific mandibular function varies between individuals, one would 

expect the jaws o f different subjects to deform in different ways. On the contrary, 

similar patterns of jaw deformation seem to take place, to a large extent, when 

examining the predicted values o f the finite element models, where the values, 

directions, and recruitment of masticatory muscles were the same (Charts 14-20). 

Fourth, the effects of loading the implants varied not only because o f differences 

between subjects, but probably also as a result o f using a manual loading technique 

and the inherent inability to externally stabilise the jaw.

There was a good correlation between corporal rotation and medial 

convergence (r̂  = 0.784). This was in contrast to Abdel-Latif s (1996) results, which 

did not find a relationship between different patterns of mandibular deformation. The 

finding was, however, supported by the outcome of the finite element study, and 

agreed with the work of Hylander (1984) who attempted to simulate CR on isolated 

mandibles o f Macaque Fasicularis and found it difficult to induce only CR without 

symphyseal bending, caused by the medial or lateral transverse bending o f the 

corpora. This was due to the fact that even the slightest medially or laterally directed
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components o f the masticatory force would cause symphyseal bending (Hylander

1984). Although statistical analysis confirmed some correlation between CR and MC, 

extending this study to include a larger number of subjects would be necessary to 

confirm it.

4.1.2.3 Dorso-ventral shear (DV)

The shear angle ranged from 0.9 to 2.8 degrees during opening and protrusive 

movements. The highest value was recorded for subject 2 during protrusion. The 

range during lateral excursion was narrower and ranged from 0.8 to 2.3 degrees. All 

subjects experienced more or less similar deformation on the right and left sides.

The results show that DV occurs immediately on the commencement of 

movement, which is in disagreement with Hylander (1984), who suggested that dorso- 

ventral shear o f the mandible occurred only during unilateral mastication.

The statistical analysis here also showed that there was a strong correlation 

between DV shear and MC (r̂  = 0.839).

4.1.2.4 Statistical analysis of mandibular deformation

When data from several test groups are included in a single regression 

analysis, the effect of differing group centroids must be separated from the 

relationship between the predictors and the outcome (Armitage and Berry 1994).

On the advice of a senior medical statistician, who was consulted throughout 

the project regarding appropriate statistical methods, a decision was taken to analyse 

the interrelationship between the measured jaw deformation and each subject variable 

while placing jaw deformation in different groups (i.e. maximum opening, protrusion, 

right and left lateral excursions).

There are several ways o f describing the relationship between two variables 

(e.g. jaw deformation and implant distance) while controlling the effect of group
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membership (i.e. during maximum opening, protrusion, right and left lateral 

excursions). One method employed in this project fitted a separate equation for each 

group. This method allows the relationship between x and y to differ among groups.

The method has the disadvantage that the sample size for each regression 

will be smaller than for a single regression involving all observations, causing 

estimates to be less stable (Armitage and Berry 1994).

The small number of subjects made assessment o f the data difficult. 

However, choosing subjects with similar characteristics made the data more robust. 

The patients were all healthy females, o f the same age group, and with no history of 

TMJ disorders. Furthermore, the patients received only two implants, which were 

similar in regards to their length, type, design, location and orientation.

Relating jaw deformation to the variables mentioned in section 2.3.2 (e.g. 

symphyseal height, symphyseal cross section, etc.) showed that some of the 

relationships might be linear. The following discussion covers the empirical values of 

jaw deformation detected by the displacement transducers.

The relationship between implant separation and MC during opening and 

lateral excursions was linear with high correlation coefficients (r̂  = 0.827 and 0.686 

respectively) i.e., as the distance between the implants increased, recorded jaw 

deformation increased. This agrees with the results of Fischman (1976) and Abdel- 

Latif (1996). Hence, a bar mounted on two implants in the canine areas will be 

subjected to a lower degree of transmitted stress than one mounted on two implants in 

the premolar areas. The long-term clinical significance of this stress on the failure or 

success o f implant treatment has not yet been established. Also, a reduction in 

observed mandibular flexure (due to anteriorly positioned implants) indicates that 

implants joined by a bar will transmit sufficient stress at the implant / bone interface
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to limit bony flexure. This stress could be an important factor in stimulating the 

osseointegration process or could result in an early implant failure.

A similar correlation was found when jaw width was plotted against MC (r̂  =

0.852 and 0.784 during opening and lateral excursions, respectively). This 

corroborated the previous finding. The wider the jaw, the bigger the distance between 

the two implants and the higher the observed medial convergence.

No relationship was found to exist between symphyseal height and jaw 

deformation. This was in contrast to the findings o f Hylander (1984) and Abdel-Latif 

(1996). However, the symphyseal cross-sectional area was statistically correlated to 

jaw deformation. MC decreased as the symphyseal cross section increased with high 

correlation coefficients (r̂  = 0.727 and 0.660 during opening and right lateral 

excursion, respectively).

Hylander (1975) suggested that the shape of the condylar neck region was 

optimised so as to resist local stresses. While the results from the transducers did not 

corroborate Hylander’s observation (i.e. the condylar neck cross sections did not show 

a significant correlation with jaw deformation), the FEM demonstrated the presence 

of bands of high maximum stress in the subcondylar area. This indicates that the bone 

in the condylar neck region adapts to stresses by modelling, resulting in dimensional 

changes, as Lanyon (1992) demonstrated with the avian ulna. But it is also possible 

that bone adapts to loading by changing its material properties (Dechow et al 1992).

It is obvious that the effects o f the variables mentioned in section 2.3.2 

(symphyseal height, symphyseal cross section, etc.) on jaw deformation vary with the 

patterns of jaw movement. The results showed high correlation between jaw 

deformation and some o f the variables during opening and lateral excursions, but no 

correlation was found during protrusion. The increased effect of jaw deformation
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brought on by certain mandibular functions supports the suggestion of Brunski et al 

(2000) that patients with certain parafunctional habits may be more prone to implant 

failure.

4.1.2.5 Baseline drift

All along the course o f this study the baseline of the subjects’ tracings had 

slightly drifted in most of the recordings. Great care was taken to exclude possible 

causes, such as adhesive failure and insulation breakdown, by recalibration after each 

set o f measurements. Given that a slow recovery was noted, it was concluded that this 

shift o f the zero at the end o f the tracings was due to the viscoelastic property of bone. 

Picton and Wills (1978) found that loading a viscoelastic material caused a relatively 

free phase of distortion, followed by a progressively more gradual change as 

equilibrium was approached. The rate o f return o f the zero to its original position 

during the investigation differed from one tracing to another, and this is thought to be 

dependent on the load applied and time taken to load. Since sustaining a load on a 

viscoelastic material causes creep, it would be worthwhile to investigate this baseline 

drift further. This could relate the jaw displacement to the magnitude and intensity of 

the force applied and to the rate of recovery. This was not possible here due to 

resource limitations. Abdel-Latif (1996) noted a similar phenomenon in her studies.

4.2 Computer modelling

Anatomical structures can be represented as computer models using either 

solid or surface modelling techniques.

Solid models use volumetric information in the form of density values 

gathered directly fi'om either CT or MRI imaging to create solid objects (Vannier et al

1985). Surface models transform the boundaries o f an object into planar contours

251



where the boundaries have been fed in as a set of 3D co-ordinates to define the 

surface curves (Sinclair et al 1989).

Three-dimensional reformatting programs currently available for magnetic 

resonance imaging and computer tomography have not produced high quality models 

of the mandible including the temporomandibular joint (Nagahara et al 1999, Tanaka 

et al 2001). These programs utilize volumetric acquisitions which can only be 

achieved by using gradient echo sequences to refocus the signal. Such sequences are 

less effective in the region of the temporomandibular joint because o f the proximity of 

the mastoid air cells. The air / soft tissue interface causes a magnetic susceptibility 

effect which degrades the image. One can overcome this problem by refocusing using 

a spin-echo technique that is not subject to this effect, but such acquisitions cannot be 

obtained in a volumetric manner. For these reasons, we decided to explore a surface 

modelling approach.

The surface quality of the models obtained here with the (NISA) software is 

considerably better than that produced by presently available commercial programs 

designed to reformat magnetic resonance or computed tomography images. 

Furthermore, the capacity of the program to measure linear, angular and volumetric 

dimensions, and to manipulate the models relative to each other in three dimensions, 

is immense.

The software (NISA) used in this study to model the human mandible 

employed a surface modelling technique, where the shortest distance between points 

on cubic splines was used to construct surfaces from a series of quadrilateral or 

triangular tiles. This technique, however, could not effectively model situations where 

one contour split and continued as two contours on the adjacent section. In such 

situations, the algorithm used by NISA failed because points on the single contour
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could not be mapped onto co-ordinates on two separate contours. Hence, an 

alternative approach had to be used which involved the manual modelling of such 

regions. This was necessary at the chin and the condyles.

4.2.1 Finite element modelling

Several three-dimensional finite element m odel/of the mandible have been 

created (Gupta et al 1973, Knoell 1977, Ferré et al 1985a, b, Umetani and Inou 1988, 

Ishida et al 1988, Andersen et al 1991a, b. Hart et al 1992, Tanne et al 1993, 

McLoughlin and Bidez 1993, van Zyl et al 1995, De Vocht et al 1996, Papavasiliou 

et al 1997, Menicucci et al 1998, Tiexeira et al 1998, Vollmer et al 2000).

In general, these models have been severely compromised by the 

oversimplification o f material properties, methods of verification, boundary 

conditions and / or mandibular geometry. These problems will be addressed in the 

following sections.

4.2.1.1 Boundary conditions

The most important deficiency in these models has probably been the 

exclusion o f biologically relevant boundary conditions, such as the assignment of 

experimentally derived muscular forces. Whereas putative muscular forces were used 

in the present human model, the direction of these forces could not be determined for 

the particular jaw involved owing to the lack o f data, and they had to be assumed 

based on other investigations (Nelson 1986). This potential source o f error could be 

reduced in future in-vivo studies by estimating the muscular lines o f action directly 

from CT-scans (Weijs and Hillen 1985). This is not simple, however, since the 

masticatory muscles, in particular the human masseter, possess complex pennate 

anatomy with consequent sophisticated activity patterns (McMillan and Hannam 

1991). The multiplicity o f potential lines o f action in the masticatory muscles can thus
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not be simply estimated by connecting regression lines through imaged centroids 

(Koolstra et al 1989).

Another consistent error in all the finite element models mentioned here was 

the inclusion of the forces caused hy teeth in load calculations^ This is not necessary
J  at/i i>* Ca^rs

because a force produced ax the teeth is the resultant of the muscle forces imposed on 

the mandible and must not be included as an independent factor.

4.2.1.1.1 Physiological factors (muscle tension)

The muscles o f mastication are responsible for the elevation and depression of 

the mandible. It has been observed that deformation of the mandible occurs during 

opening (DuBrul and Sicher 1954) and during closing (Picton 1962, Bowman 1970), 

and that the muscles o f depression and elevation are thought to be particularly 

relevant. There has been controversy in the literature for many years as to which 

muscles are responsible for mandibular depression, elevation and / or deformation 

(Wilson 1925, Seward 1940, Moyers 1950, Picton 1962, Bowman 1970, Hellsing and 

Lindstrom 1983).

The results obtained from the sensitivity analysis (Appendix III) showed that 

the masseters had the biggest impact on the predicted principal strain. The elimination 

of the medial pterygoid muscles had little effect on the strain values when all the 

muscles were active. This suggests that the medial pterygoid muscles do not affect 

deformation as much as the masseters and temporalis muscles do. This may be 

explained by the fact that while the fibre direction o f the medial pterygoid muscle is 

similar to that of the superficial masseter muscle and it has a similar functional pattern 

as the masseter, it contributes less to deformation. This agrees with Desmedt and 

Godaux (1979) and Hellsing and Lindstrom (1983), who demonstrated that only the
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masseters and temporalis muscles were responsible for jaw closing procedures, with 

the medial pterygoid muscles having little or no role.

4.2.1.1.2 Temporomandibular joint

Mandibular movements involve rotation and translation, and the centre of 

rotation is not static. Such complex movements are conceptually difficult and could 

be simplified by demonstrating the relationships o f the temporal bone to an effectively 

immobilized mandible (Price et al 1992, Nagahara et al 1999, Tanaka et al 2001). 

When movements in the third dimension are included, the relationships become more 

complicated. In this study, the models o f the condyles and the temporal bones were 

superimposed on each other at their centres of mass and were rotated until the best fit 

was obtained. The degree o f rotation needed to achieve this superimposition provided 

the angular relationships between the different jaw positions. The three-dimensional 

linear translations, used to superimpose the centres of mass, completed the description 

of the relationships in six degrees o f freedom.

In order to determine the reliability o f the modelling of the 

temporomandibular joint, it is essential to compare measurements made on a living 

human with the calculations obtained using the model. However, because o f the 

potential damage to the human body when the measurement apparatus is attached to 

the TMJ, and because o f the inconvenient size of the apparatus, measurements in 

humans are usually limited to intra-articular synovial pressure. Nitzan et al (1992) and 

Kakudo et al (1995) reported that synovial pressure in the TMJ is negative during rest 

(-7.7 + 2.5 mm Hg or -1.03 + 0.33 KPa) and decreases by approximately 20 mm Hg 

(2.7 KPa) during maximum opening. Kakudo et al (1995) found that synovial 

pressure is positive at the intercuspal position (40.8 mm Hg or 5.44 KPa), when using 

the intracelial pressure of the TMJ at rest as the standard level. In practice, describing
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a small, narrow articular cavity using a three-dimensional finite element model is 

difficult. Therefore, we assumed that the articular cavity was located at the center of 

the articular disc, and we focused on the normal stress at this location. In the present 

study, normal stress was tensile and ranged between -0.83 KPa and -3.42 KPa when 

the jaw was at maximum opening (Appendix IV). These values are similar to those 

obtained by Nitzan et al (1992) and thus we believe that our model accurately 

represented the actual human temporomandibular joint.

When the three-dimensional restraints placed at the TMJ were shifted 

interiorly, a large discrepancy in the cortical principal strain was detected (Appendix 

III). Placing the restraints more interiorly not only affected the values o f the predicted 

principal strain but also the patterns o f jaw deformation (Appendix III).

4.2.1.2 Structural properties of the mandible

The best available data of the physical properties of the mandible were applied 

to the developed model. The data, however, had not always been derived from 

experiments on jaws, such as in the case of cancellous bone. Its physical properties 

have been measured by many investigators from multiple locations within the human 

skeleton including the femur, tibia, humerus, radius, vertebrae and the iliac crest. The 

results of these studies reveal that cancellous bone is anisoptropic, and its physical 

properties vary widely (Reilly and Burstein 1975), possibly because o f the variety of 

specimen geometries used in mechanical testing (Linde et al 1992). Finite element 

techniques currently used to determine trabecular stress are only able to analyse very 

small regions o f bone with a limited number of trabeculae (Keyak et al 1990) or a 

much larger region o f bone based on the assumption that it is a solid with apparent 

material properties, as was done in the model of this study. Modelling o f cancellous 

bone could be improved by applying a finite element analysis technique based on the
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homogenisation theory, recently developed in microstructural mechanics. This 

technique can be used to separately conduct microstructural and continuum analyses 

whose results are combined in a systematic manner to provide more realistic 

simulations (Hollister et al 1991). Another improvement which could facilitate the 

measurement of physical properties, could involve the use of CT to directly derive the 

mechanical properties o f cortical bone (Keyak et al 1990). Since a linear relationship 

exists between the CT number and the apparent density of bone, it is theoretically 

possible to assess the density of cortical bone from the images and estimate its elastic 

modulus using an equation proposed by Carter and Hayes (1977). Studies to date, 

however, have demonstrated a poor relationship between mechanically derived 

material properties and those obtained by CT (Snyder and Schneider 1991). An 

alternative approach using ultrasound to determine the mechanical properties of 

cortical and trabecular bone seems encouraging, since acoustic material testing 

methods have proved reliable (Ashman et al 1984). It would have been ideal to 

determine the material properties of the edentulous mandible used in the present 

study, since the properties of cancellous bone have been shown to vary significantly 

owing to porosity and mineral content (Currey 1988), as well as age, gender and race 

(Evans 1973). It was felt, however, that these factors would not have affected the 

results significantly, since large variations in material properties (up to 25 %) would 

have been necessary to induce significant changes in the strain patterns (Tables 16, 17 

and Appendix III). The effects o f changing material properties were investigated 

using sensitivity analysis (Appendix III). Moreover, data collected from the corpora 

of 17 human mandibles have shown a variance of approximately 18% at most in 

elastic and shear moduli, which would have hypothetically had a small influence on 

the calculated strain values (Dechow et al 1993).
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In the end, the litmus test of the reliability o f a finite element model is how 

well the deformation patterns and values it predicts match those determined clinically. 

This will be discussed in the following section.

4.2.1.3 Verification of the finite element model

4.2.1.3.1 Finite element model of the cantilever beam

The small differences found between the mathematical and finite element 

models o f the cantilever beam confirmed the acknowledged usefulness o f the finite 

element technique in predicting strains. It was not surprising to find such good 

agreement since the structure modelled was composed of primitive shapes with 

simple surfaces, its materials were linearly elastic, homogeneous and isotropic, and 

the loads and restraints imposed on the structure were attached to flat surfaces or 

perpendicularly oriented in the plane o f symmetry.

4.2.1.3.2 Finite element model of the edentulous mandible {in-vitro)

Any modelling technique is best verified by comparing its results to 

experimental data. It seems that the only studies in which a direct attempt has been 

made to compare predicted values with experimental ones on a human mandible were 

conducted by Gupta et al (1973), Knoell (1977) and more recently by Vollmer et al 

(2000). Gupta et al (1973) compared an analytical model with holographic 

displacement contours and found 'good qualitative agreement'. Knoell (1977) 

compared strains measured below the tooth row on the periosteal surface of cortical 

bone with values obtained at similar locations in the finite element model. Although 

he stated that 'reasonable agreement appeared to exist between predicted and test 

results', his data demonstrated the contrary when the first molar was loaded 

horizontally. Neither study described a specific method used for comparisons. The 

same applies for a large number of finite element analyses in orthopaedic research,
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where the incorrect application of statistical techniques such as correlation and even 

regression analyses for comparative purposes is common (Huiskes and Chao 1983). In 

these cases, the inadequate sample size (i.e. number of models and experimental 

objects) is always apparent.

Although it is not always technically possible to develop a statistically 

sufficient number o f models owing to the complications inherent in complex 

modelling techniques, more effort should be made on the validation process and a 

more rigorous statistical approach should be adopted. If the objective o f the 

simulation exercise, however, is to find an individual match between a given system 

and its model — especially when the system under study has a wide variety of possible 

combinations o f parameters — then the application of conventional statistical methods 

becomes inappropriate. This was particularly true for the mandibular system, where 

the comparison between the predicted and measured strain values necessitated the 

application o f alternative statistical approaches such as comparisons o f the means or 

the goodness-of-fit method. In the case of the former, the statistical method either 

accepted or rejected the model, which was not satisfactory because o f the lack of 

degree or range of correspondence, which was considered especially important for 

sensitivity analyses. The goodness-of-fit approach was also rejected, mainly because 

the actual strains would have been treated incorrectly as observed or expected 

frequency values, when in fact they were percentages and represented changes in 

strain values.

In this study, the decision was made to compare the values in terms of their 

percentage differences only, leaving the question of acceptance or rejection open and 

lending more importance to the increase or decrease in the differences for changes in 

the model's parameters, as well as to the qualitative comparison between observed and
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predicted values. An agreement procedure suggested by Bland and Altman (1986) 

was also used, and the differences between the predicted and measured strain values 

were plotted against their means. This statistical procedure was suggested as an 

alternative to the correlation test where a perfect correlation does not mean a perfect 

agreement. Vollmer et al (2000) found a good correlation between the predicted and 

experimental data. They stated that ‘FEA can provide precise insight into the complex 

mechanical behaviour . . . ’. However, their studies do not appear to justify this 

statement as their results indicate a good correlation between experimental and finite 

element modelling data, rather than a good agreement between the experimental and 

finite element models. The points in their correlation chart could have been positioned 

along any straight line, rather than the line o f equality. Perfect agreement exists only 

if  the points lie along the line o f equality, while perfect correlation can only occur if  

the points lie along any straight line.

4.2.1.3.2.1 Mandibular surface strain {in-vitro)

This part o f the study aimed at establishing accurate baseline data for the 

investigation o f jaw deformation. The 11 single strain gauges sensed strain arising 

from sagittal bending o f the mandibular corpora. Strain associated with both torsion 

about the long axis o f the corpus and simple shear perpendicular to its long axis 

would not be detected by these gauges because o f their alignment parallel to the 

inferior border o f the mandible. The data, presented in Table 13, demonstrate the 

following:

1. The experimental strain measurements proved to be repeatable. The 

differences between the two sets o f independent samples o f principal strains taken 

under identical loading conditions were not statistically significant (p < 0.05).
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2. The agreement intervals for the predicted and measured strain values were 

small enough to be considered clinically acceptable.

In 1975, Hylander suggested that the asymmetrical beam-like shapes in both 

macaques and humans seem to represent a desirable structural design where the 

neutral axis for bending is shifted towards the lower border o f the mandible. The 

experimental strain measurements did not support Hylander's postulation because the 

11 strain gauges should have recorded little or no strain as they were positioned 2 mm 

above the lower border of the mandible (i.e. their position coincided with the 

theoretical neutral axis o f the proposed beam structure).

Possible explanations for differences between the predicted and measured 

strain values may be found in the method of strain evaluation, that is, in the difference 

between the actual strain tensor direction as opposed to its projected orientation. The 

FEM showed the actual strain to be non-parallel to the orthogonal planes at various 

locations during the majority o f mandibular movements. For example, if  strain is 

measured using single strain gauges aligned perpendicularly to the midsagittal plane 

(i.e. symphysis) but the actual strain tensor is out-of-plane in respect to the plane of 

measurement (i.e. the frontal plane), then correct magnitudes may not be detected. 

Second, if  strain is obtained from a surface that is curved and non-parallel to any 

orthogonal plane, and then projected onto one of the latter, an incorrect value could be 

obtained. In this sense, a double error due to the two steps involved in the projection 

of the results on the reading plane may account for differences between predicted and 

measured strains. Further, experimental recording of strain on the in-vitro mandible 

was more complicated because of the irregularity of its surface.
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4.2.1.4 Sum m ary

The finite element model developed in this study has the following advantages 

over the previously reported models:

1. Bone was simulated as an orthotropic material. Accurate data are necessary 

for finite element modelling techniques, and hence the effects o f employing different 

material properties on its predictions were investigated using the well-known 

technique o f sensitivity analysis (Appendix III). Surprisingly, none o f the reported 

finite element studies have addressed this issue, nor did they recognise the importance 

of assigning accurate material properties when using finite element analysis.

2. The model was loaded with experimentally derived muscle forces. It is 

possible to simulate muscle-induced changes in the mechanical behaviour of the 

mandible with finite element analysis. The point o f application, magnitude and 

direction o f muscle forces may easily be varied to simulate the various positions.

3. The precision and reliability o f a model depends on how well the predicted 

deformation patterns and values match clinically-determined ones. The finite element 

model developed here was clinically verified through a series of experiments 

including the use o f strain gauges in the in-vitro study and the use of custom- 

fabricated transducers in the in-vivo study. In this project, the good agreement 

between the predicted and measured strain values indicates the accuracy o f the present 

finite element model. Previous studies have failed to recognize the importance of 

clinical verification of a finite element model and relied on mathematical validation 

through an element discretization process. In the few cases where attempts were made 

to clinically verify a FEM, the statistical procedure employed gave a misleading 

interpretation o f the results and a false impression of the reliability of the model. We 

proposed the use of a statistical procedure known as the agreement test to compare the
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strain values obtained clinically and those predicted by the model. Detailed and 

extensive discussions with a senior medical statistician were o f great help in choosing 

and applying a correct statistical procedure.

In short, the superiority o f the model developed in this study lies in the fact 

that a) it modeled bone as an orthotropic material, b) its model of the mandible was 

loaded with experimentally obtained muscular forces, c) it was clinically verified and 

mathematically validated, and d) sensitivity analysis was used throughout to enhance 

the equivalency of the model to a real human mandible.

It is this detailed and comprehensive approach that gives the developed model 

a reliability that has so far been missing in the finite element models reported in the 

literature.

4.2.2 Stress analysis

4.2.2.1 Stress lines (FEM)

Since stress is an inferred quantity and cannot be measured directly, the 

means to demonstrate stress trajectories had to employ more elaborate techniques 

which could induce elastic deformation, such as photoelasticity or finite element 

modelling. Results from photoelastic studies contend that the lower jaw border 

transmits mainly compression, whereas tension is believed to be transferred along 

the anterior surface o f the coronoid process and obliquely down from the condyle to 

the corpus (Ralph and Caputo 1975, Mongini et al 1979). These studies, however, 

failed to reliably simulate muscle tensions and biting conditions. Further, the 

models employed were made o f homogeneous material.

Comparisons between the mandibular stresses predicted by the human FEM 

of this study and those obtained in macaques by Hylander (1975, 1977, 1979a, b, 

1984) and Bouvier and Hylander (1981a, b) were inappropriate owing to the lack of
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control of macaque jaw movements and thus the absence o f specific jaw stresses. 

Difficult experimental and anatomical loading conditions further constrained the 

acquisition o f data in macaques.

During all mandibular movements, the FEM predicted bands of maximum 

principal stress that ran laterally and obliquely down from the subcondylar region to 

the lower border o f the jaw. On the medial aspect bilaterally during maximum 

opening and protrusion, as well as on the balancing sides in the lateral excursions, 

another distinct band o f compression occupied almost the entire half of the lower 

mandible. Both the tensile band on the lateral surface and the compressive band on 

the medial aspect seemed to have been induced by muscular action, which involved 

the posterior pull o f the temporalis and the strong upward and forward resultant of 

the medial pterygoid and masseter muscles.

4.2.2.2 Symphyseal stress (FEM)

During an opening movement, the bilateral rotational corporal deformation 

was translated mainly into horizontal and frontal bending at the symphysis. The 

horizontal bending in this study was demonstrated by compressive stress anteriorly 

and relatively higher tensile stress posteriorly. Bending in the frontal plane was 

evidenced by high levels o f compressive stress in the alveolar crest region and 

elevated tension at the lower border. Also, evidence in support o f lateral bending was 

demonstrated by compression in the mid-region o f the anterior cortical surface o f the 

symphysis and elevated tension on the lingual side. Symphyseal bending in the frontal 

plane has been suggested to occur in animals during the power stroke o f mastication 

(Beecher 1977), and experimental strain data gathered from the lower anterior (labial) 

aspect of the macaque symphysis has corroborated its presence (Hylander 1984). 

Thus, it seemed that mandibular movements in humans evoked at least one type of
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symphyseal bending similar to the ones shown to occur in animals during the power 

stroke of mastication.

During protrusion, the symphysis bent in the horizontal plane, yielding tension 

on its anterior surface and compression at its posterior (lingual) cortex. The 

symphyseal region is said to bend in macaques due to twisting of the mandibular 

corpora around their axes (Hylander 1984). The FEM related symphyseal bending 

mainly to the occurrence of bilateral medial transverse distortion o f the corporal 

halves. This deformation pattern was found to be in agreement with hypothetical 

symphyseal bending patterns described earlier by DuBrul and Sicher (1954), and was 

demonstrated in this study by the approximately horizontal directions o f maximum 

principal strains on the anterior symphyseal cortex.

During lateral excursions symphyseal torsion was indicated by inversely 

oriented maximum or minimum principal strains in the frontal plane, with the 

orientation o f the maximum principal strain directed obliquely upwards and towards 

the balancing side.

Finally, the relatively distant anatomical location of the symphyseal region 

from the attachment sites of the main masticatory muscles could explain the higher 

levels of stresses and strains to which it is exposed when compared to other areas of 

the corpus.

4.2.2 3 Corpus stress (FEM)

The mandibular corpus is thought to behave mechanically as a 'broken hollow 

beam' (Hylander 1979a) or a 'U-shaped section' (Smith 1983).

Although the mandible generally behaves like a beam, its mechanical 

behaviour cannot be completely explained by the oversimplified two-dimensional 

beam theory, mainly because of its complex shape, which is further complicated by
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the presence o f implants or dento-alveolar complexes in the case of a dentate 

mandible. The corpus is actually a combination o f open (U-shaped) and closed 

(elliptical) two-dimensional cross sections (i.e. open for cross sections through teeth 

or implants and closed for cross sections between teeth or implants). In 1989, 

Daegling confirmed these assumptions by demonstrating that the predictive values of  

open and closed models were inaccurate and unreliable. More recently, it has also 

been shown that neither model correctly simulates corpus twisting in the mandible 

(van Eijden 2000). These findings attest to the significance o f other means of 

modelling such as the finite element technique, which provides more precise 

structural and geometrical representation of the jaw.

In applying the beam theory, the amount of bending stress along the inner 

surface o f a curved bone is larger than at the outer surface (van Eijden 2000). The 

finite element model in this study contradicted the beam theory as the symphyseal 

region was found to experience higher magnitudes of tensile strain on the lingual 

cortical surface than on the labial surface. Strains at the molar region were also 

greater than those at the symphysis.

Several efforts have been made to explain the relationship between mandibular 

structure and function, especially from the mechanical perspective. The finite element 

model suggests that the mandible is subjected to multiple loads which cause complex 

deformation patterns and stresses in its structure. Biomechanically, the optimisation of 

bone shapes to more effectively resist complex loading regimes probably depends on 

the type and rate of loading to which these bones are subjected. This assumption has 

been corroborated by a large number of animal studies which have demonstrated the 

sensitivity o f functional adaptation in bone to alterations in the magnitude, 

distribution and rate of strain generated in the tissue (Lanyon and Rubin 1984).
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Evidently then, the modelling / remodelling process in bone seems to be a structure- 

specific response to a loading regime. The FEM in this study provided detailed 

information on mandibular corpus stresses and strains ŵ hich were not obtainable from 

experiments carried out on the human being.

During opening and protrusive movements in the FEM, the principal strains 

were identically oriented on both sides o f the mandible. The larger strains evident in 

protrusion were due to the more significant deformation caused by the bigger muscle 

loads in function. During left lateral excursion, the more horizontal orientation o f the 

minimum principal strain on the balancing-side corpus indicated a predominant 

sagittal bending pattern.

In all deformation patterns, a greater cross-sectional area of cortical bone will 

help the jaw to better withstand stresses. Specifically, lateral bending in the corpus 

(Hylander 1979a) and sagittal bending in the symphyseal region would best be 

countered by increasing their vertical dimensions. Horizontal bending is countered by 

increased medio-lateral dimensions in the corpus and antero-posterior sizes in the 

symphysis (Hylander 1984).

The moments of inertia (ly, Ix) are measures of the resistance of a cross 

section to bending in the sagittal (ly) and transverse planes (Ix).

An increase in Ix can be brought about by the deposition o f cortical bone on 

the superior and inferior borders o f the mandible, which results in a deeper jaw 

vertically. The increase in the vertical depth o f the mandibular corpus in this study 

correlated with the prediction of stress reduction in the FEM (Appendix III). The 

chewing o f tougher foods has been experimentally shown to increase the vertical jaw 

depth on the balancing side of the corpus (Bouvier and Hylander 1981b).
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An increase in ly can be brought about by the deposition of cortical bone on 

the medial and lateral borders of the mandible, thereby resulting in a horizontally 

wider jaw. This study found that increasing corpus width by 1 mm decreased stress by 

14 %.

The values of Ix and ly reported by Daegling (1989) indicated that the 

resistance to bending in the sagittal plane was approximately three times greater than 

the resistance in the transverse plane. This is particularly important since sagittal 

loads are larger than transverse bending loads (van Eijden 2000). The results o f this 

study showed that adding 1 mm into cortical thickness (increasing jaw width, depth 

and moments o f inertia) reduced stress by 14 % for jaw width and 5 % for jaw depth. 

This agrees with the findings o f Daegling (1989).

Other investigations have also attempted to relate the material properties of 

cortical bone to the mechanical strength characteristics of the mandible. In general, 

these studies have shown that although quite variable, the mandibular corpus tends to 

be denser and stiffer in the anterior regions than in the molar region (Dechow et al 

1992). Studies have also suggested that the material properties in the mandibular 

cortex seem to be aligned in an optimal way to counter bending or torsional regimes 

(Dechow et al 1992, 1993). Whereas the greater longitudinal stiffness of the human 

jaw along its lower border suggests resistance mainly to lateral bending, the presence 

of the largest shear modulus in the lateral plane implies mandibular resistance against 

lateral bending as well as torsion (Dechow et al 1992, van Ejden 2000). The FEM in 

this study corroborated these findings by demonstrating that variations in the shear 

moduli in the plane parallel to the surface of the bone produced the largest deviations 

in the predicted magnitudes o f principal strains.
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In summary, the three key elements that resist shear and bending moments in the 

mandible are: Its material properties, shape and cross-sectional geometry.

4.2 2.4 Condylar stress (FEM)

Anatomically, the condylar neck is the smallest region in the mandible. The 

maximum shear stresses predicted in this study by the FEM for this region only reached 

half of the ultimate shear strength measured experimentally for cortical bone (Reilly and 

Burstein 1975). The low stress value is probably related to the relatively large cross- 

sectional area of cortical bone when compared to the relatively small size of the region, 

since an increase in the cross-sectional thickness of a structure is advantageous to 

countering shearing stresses (Hylander 1984). The smallest cross-sectional area of cortical 

bone in the condylar neck region of the finite element model was 51.5 mm ,̂ which was 

close to the value of 48 mm  ̂ reported by Hylander (1975). The relatively thick cortical 

cross section in both macaque and human mandibles apparently helped to decrease shear 

stresses. Since these stresses did not reach the lowest reported values of ultimate shear 

strength, the model corroborated Hylander’s (1975) assumption that the condylar neck 

region was well suited to withstand elevated stresses during powerful biting activities.

The morphological characteristics of the components of the temporoman-dibular 

joint (TMJ) and the deformation behaviour of the subcondylar region of the ramus would 

indicate that the central and lateral thirds of the condyles could experience higher 

compressive forces during certain biting functions (Werner et al 1991). Examinations of 

diseased TMJs have suggested that deviations in the form of osteoarthrosis may develop 

in the TMJ because of an increase in unfavourable biomechanical loading (Hansson et al 

1977). Osteoarthrosis usually takes place in the lateral and central aspects of the TMJ 

(Hansson et al 1977). The predictions of the finite element model agree with this finding 

and suggest that changes in the form of osteoarthrosis are likely to occur in the lateral
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aspect of the TMJ where maximum biomechanical loading was predicted. These localised 

loading patterns occurred during different mandibular movements.

It was also apparent from the results that the distribution patterns varied 

significantly from side to side, which is possibly related to the slightly asymmetrical 

muscle loading of the mandible, as well as the geometrical configuration of the condyles.

4.2.3 Condylar loads

Condylar forces during jaw function have been measured using devices attached 

on bone surfaces in the subcondylar region (Hylander 1979b) or directly on top of the 

condyles (Brehnan et al 1981, Boyd et al 1990). All studies but one (Boyd et al 1990) 

have suggested that the TMJ is load-bearing with higher forces being transmitted through 

the balancing side joint during unilateral mastication. This disagreement may be due to 

difficulties in determining the chewing or biting side, which is a crucial step for the 

correct interpretation of results, since the ratio of bicondylar force distribution seems to 

depend on the location of the biting point. The finite element model in this study 

predicted that the mandibular condyles are load- bearing with greater forces being 

transmitted when a unilateral load was applied to the right and left implants.

4.3 Final comments and future directions

This study established that it is possible to build a three-dimensional finite 

element model to represent a complex structure such as the mandible. A mechanical 

model (i.e. custom-fabricated displacement transducers) was constructed to verify that the 

developed computer-run finite element model could be used to study the multifaceted 

phenomenon of mandibular deformation. This model could also provide information 

which would be difficult if not impossible to gain with physical measurements.

Applying computer technology to predict physical processes in the human 

masticatory system is a useful way to gain insight into its biomechanics. At the moment, 

imaging techniques such as computerised tomography (CT) enable the generation of
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sufficient sectional profiles to characterise the mandible's structures. However, the long 

exposure time required for CT imaging renders this radiological technique unsuitable to 

routine clinical use. Improved high resolution magnetic resonance and spiral CT-scan 

imaging, which have only recently become available, would overcome this limitation and 

also allow in-vivo data on muscular attachment sites and physiological cross sections to 

be obtained. Recently developed software that reconstructs reliable three-dimensional 

shapes directly on the basis of density values would allow individualised mandibular 

models for patients to be loaded with muscle forces. This could be derived from imaged 

cross-sectional physiological data and electro-myographical recordings obtained 

specifically from each subject during mandibular movements.

The effects of variations in muscular activity patterns on force magnitude and 

distribution in the mandible could then be tested. In the case of the masseter, for example, 

the three-dimensional vectors that represent muscle tensions could be selectively 

modified in magnitude, orientation and area of attachment. The muscle-tendon-bone 

interface could be additionally varied to include non-linear behaviour.

Applications also exist in the field of orthognathic surgery, where modelling 

could be used to determine the most convenient location and design of fracture fixation 

devices. In order to specifically test for ideal placements of these devices on the jaw, the 

FEM could be discontinued to simulate fractures, the cuts bridged by fixation plates, and 

mandibular stress areas explored for different loading conditions and craniofacial types.

The relationship between form and function in the mandibular system could be 

further explored to include the effects of variations in muscle action on the growth and 

development of the mandible.
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5. Conclusions

5.1 Clinical study

1) Three types o f mandibular deformation were examined during opening, 

protrusion, and right and left lateral excursions:

a) Medial convergence, which ranged between 11.0 pm and 57.8 pm.

b) Corporal rotation, which ranged between 0.4 and 1.9 degrees.

c) Dorso-ventral shear, which ranged between 0.8 and 2.9 degrees.

2) All three patterns o f mandibular deformation occured concurrently and 

immediately on commencement of jaw movement.

3) Different jaw movements produced different patterns of mandibular 

deformation.

4) The highest values o f jaw deformation were recorded during protrusion.

5) The semicircular bridge beam proved to be a simple and reliable method 

to detect medial convergence. The design may have potential for routine clinical 

applications.

5.2 Finite element study

1) This is the first reported finite element model that represents the human 

mandible in-vivo. Four types o f mandibular deformation were examined during 

opening, protrusion, and right and left lateral excursions:

a) Medial convergence, which ranged between 9.0 pm and 56.6 pm.

b) Corporal rotation, which ranged between 0.5 and 1.8 degrees.

c) Dorso-ventral shear, which ranged between 0.9 and 2.7 degrees.

d) Antero-posterior shear, which ranged between 0.5 and 2.0 degrees.
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2) The deformations predicted by this model were in good agreement with 

those measured from the individual subjects.

3) The predicted and measured overall narrowing of the dental arch were 

consistent with clinical reports in the literature during similar but not identical static 

jaw loadings.

4) In all simulated mandibular movements, bending affected the symphysis, 

corpus and condyles, and was accompanied by shear and torsion.

5) Stress values ranged from 58.2 to 462.3 MPa for the maximum principal 

stress, from -  46.8 to -  452.1 MPa for the minimum principal stress, and from 111.3 

to 343.3 MPa for the maximum shear stress.

6) In all cases the principal stress occurred either / or in the subcondylar 

region, the mandibular angle, the coronoid notch area, and at the symphysis. The 

range and distribution of these stresses gave a better insight into understanding the 

multifaceted phenomenon o f mandibular deformation.

7) The finite element model predicted mandibular strains which closely 

approximated experimentally detected ones. How well the model was able to predict 

strain values depended on the accuracy of the input of boundary conditions 

simulating the experimental environment, material properties and geometrical 

relationships including the amount and distribution of bone tissue.

8) It is feasible to simulate muscle-induced changes in the mechanical 

behaviour o f the mandible with finite element analysis. Forces can be applied to the 

model over wide areas at the probable sites of muscle attachment. Until more data 

become available and computational facilities have improved, muscle force vectors 

can only be approximated by parallel and equally weighted groups for a given 

muscle, and therefore only incompletely simulated.
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8) Masseter muscles had the biggest impact on the predicted principal strain. 

The elimination of the medial pterygoid muscles had little effect on the strain values.

9) Modifications in the material properties in the plane o f the highest stress 

influenced significantly the strain predictions.

10) Small alterations to geometrical variables affected strain readings locally 

in the vicinity o f the modifications.

11) Finite element modelling is a powerful and invaluable tool to study jaw 

form and function. It has the ability to predict deformation and biomechanical 

processes at sites where physical measurements are likely to remain impossible in 

living humans, and especially at sites under muscle attachments and the temporo

mandibular j oints.
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APPENDIX (I) 

IN-VITRO STUDY

a Calibration of the force beam (page 304)

a Calibration of the beams used to measure mandibular deformation (pages 
305-311)

□ Calibration of the force detector beam (page 312)

□ Calibration of the LVDT (linear variable differential transformer) (page
313)

□ Tracings of the semicircular bridge and the force detector beams (page
314)

□ Load related to the horizontal displacement of the bridge beam 
(page 315)

□ Load related to medial convergence (measured using a LVDT) when load 
was applied at the premolar area of the dry mandible (page 315)

a Muscle forces and angulations (page 316)

a Regulations on the handling of bone (personal communication) (page 317) 

a Statistical analysis (page 317)
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Calibration of the force beam before 
experiment in millivolts

Calibration of the force beam after 
experiment in millivolts

No 2kg 4kg 6kg 8kg 2kg 4kg 6kg 8kg
1 102.50 205.00 305.97 405.42 98.00 195.00 304.50 407.93
2 105.00 206.18 304.17 405.00 96.00 195.00 308.15 410.00
3 105.00 206.10 305.00 410.00 103.00 196.20 307.00 415.40
4 105.98 205.00 310.00 408.17 103.00 195.00 300.00 420.00
5 102.79 205.30 309.80 405.20 103.70 195.00 302.50 416.00
6 105.00 205.30 308.40 409.33 99.80 195.00 310.00 415.34
7 102.89 205.30 304.29 405.05 99.80 195.00 310.00 417.50
8 102.89 206.53 307.48 406.48 99.90 195.00 311.50 412.50
9 102.89 206.18 308.29 407.71 99.90 195.00 312.50 412.50
10 102.89 207.53 307.50 407.71 102.89 195.00 312.50 415.00

Mean 103.78 205.84 307.09 407.01 100.60 195.12 307.87 414.22
S.D. 1.29 0.81 2.14 1.84 2.51 0.38 4.32 3.56

1kg = 51.35 mV 1 kg = 50.95 mV

C alibration chart for the force beam before and after the
experim ent

4 5 0

4 0 0  -

3 5 0  -

3 0 0  - -

2 5 0  -

200  -

5 0  - -

#  Before

♦  After
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Calibration of the right beam before the experiment in microstrain

No 0.2 mm 0.4 mm 0.6 mm 0.8 mm 1 mm
1 76.74 151.00 226.08 300.00 375.00
2 76.70 150.90 226.10 299.93 375.00
3 76.65 150.90 226.10 299.95 374.98
4 76.66 150.98 226.08 225.07 374.89
5 76.84 151.00 226.10 300.00 374.99
6 76.66 151.00 226.09 300.00 375.00
7 76.66 150.90 226.09 299.99 375.00
8 76.70 150.99 226.11 299.98 375.00
9 76.60 150.92 226.11 299.98 374.98
10 76.90 150.93 226.09 299.89 374.97

Mean 76.71 150.95 226.10 292.48 374.98
S.D. 0.09 0.04 0.01 22.47 0.03

767.1 754.75 753.67 749.93 749.96
1 mm = 755.08 microstrain

Calibration of the right beam after the experiment in microstrain

No 0.2 mm 0.4 mm 0.6 mm 0.8 mm 1 mm
1 76.78 149.90 220.32 290.32 331.90
2 76.69 149.88 220.34 290.33 331.88
3 76.70 150.00 220.43 290.33 331.78
4 76.66 150.00 220.53 290.43 331.92
5 76.63 150.00 220.33 290.34 331.89
6 76.66 150.00 220.33 290.44 331.99
7 76.66 149.99 220.23 290.44 331.89
8 76.70 149.98 220.32 290.33 331.83
9 76.60 149.99 220.32 290.43 331.89
10 76.90 150.00 220.25 290.33 331.90

Mean 76.70 149.97 220.34 290.37 331.89
S.D. 0.08 0.04 0.08 0.05 0.05

766.98 749.87 734.47 725.93 663.77
1 mm = 714.29 microstrain
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Calibration of the left beam before the experiment in microstrain

No 0.2 mm 0.4 mm 0.6 mm 0.8 mm 1 mm
1 70.04 130.40 269.90 338.62 405.00
2 69.99 130.42 270.00 338.60 405.10
3 69.99 130.43 270.00 338.60 405.02
4 70.01 130.40 269.00 338.66 405.03
5 69.99 130.41 270.00 338.66 405.02
6 69.99 130.41 269.00 338.63 405.30
7 69.99 130.42 270.00 338.62 405.03
8 69.99 130.42 269.00 338.62 405.03
9 70.01 130.41 269.90 338.62 405.02
10 69.99 130.42 270.00 338.63 405.03

Mean 70.00 130.41 269.68 338.63 405.06
S.D. 0.02 0.01 0.45 0.02 0.08

700 652.05 898.93 846.575 810.12
1 mm = 781.54 microstrain

Calibration of the left beam after the experiment in microstrain

No 0.2 mm 0.4 mm 0.6 mm 0.8 mm 1 mm
1 70.01 135.00 220.00 300.20 395.60
2 69.99 134.99 219.90 300.22 395.70
3 69.98 134.89 219.98 300.20 395.71
4 70.08 135.00 219.99 300.22 395.69
5 69.99 135.00 220.00 300.22 395.69
6 70.02 135.00 220.00 300.23 395.69
7 70.03 135.00 219.99 300.22 395.70
8 70.03 135.00 220.00 300.33 395.70
9 70.01 134.90 219.97 300.22 395.69
10 69.99 135.00 220.00 300.22 395.69

Mean 70.01 134.98 219.98 300.23 395.69
S.D. 0.03 0.04 0.03 0.04 0.03

700.1 674.9 733.27 750.58 791.38
1 mm = 730.05 microstrain
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Calibration of the transverse beam before the experiment in microstrain

No 0.2 mm 0.4 mm 0.6 mm 0.8 mm 1 mm
1 96.74 184.20 270.90 362.50 448.66
2 97.00 184.30 270.80 362.49 448.68
3 97.01 184.20 270.91 362.51 448.67
4 96.60 184.10 270.88 362.51 448.67
5 96.55 184.44 270.89 362.49 448.69
6 96.90 184.09 270.88 362.49 448.69
7 96.90 184.39 270.98 362.51 448.67
8 96.97 184.04 270.99 362.50 448.68
9 96.77 184.03 270.89 362.50 448.88
10 96.80 184.09 270.89 362.50 448.88

Mean 96.82 184.19 270.90 362.50 448.72
S.D. 0.15 0.14 0.05 0.01 0.08

960.82 920.95 903 906.25 897.44
1 mm = 917.69 microstrain

Calibration of the transverse beam after the experiment in microstrain

No 0.2 mm 0.4 mm 0.6 mm 0.8 mm 1 mm
1 97.00 190.00 270.34 365.20 450.00
2 97.00 190.22 270.30 365.20 450.00
3 97.01 190.22 270.35 365.30 449.98
4 96.99 190.21 270.34 365.40 449.89
5 97.00 190.19 270.44 365.40 449.99
6 96.99 190.18 270.33 365.40 450.00
7 96.90 190.20 270.33 365.40 450.00
8 96.98 190.20 270.44 365.30 449.88
9 97.00 190.19 270.33 365.30 450.00
10 97.00 190.20 270.44 365.30 449.88

Mean 96.99 190.18 270.36 365.32 449.96
S.D. 0.03 0.06 0.05 0.07 0.05

969.9 950.9 901.2 913.3 899.92
1 mm = 927.04 microstrain
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Calibration of the semi-circular bridge beam before the experiment
in microstrain

No 0.02 mm 0.04 mm 0.06 mm 0.08 mm 0.1 mm
1 132.00 277.00 437.55 589.00 727.96
2 131.99 278.00 437.56 587.50 727.88
3 131.98 278.99 437.66 588.99 727.89
4 131.88 278.22 437.88 586.50 727.99
5 132.10 277.44 437.90 587.88 727.80
6 132.11 277.55 437.89 587.99 727.29
7 131.99 277.89 437.88 587.88 727.39
8 131.88 277.99 437.94 587.44 727.50
9 131.98 278.00 437.85 587.90 727.45
10 131.88 277.99 437.56 587.99 727.09

Mean 131.98 277.91 437.77 587.91 727.62
S.D. 0.08 0.50 0.15 0.69 0.30

1319.8 1389.55 1459.23 1469.78 1455.24
1 mm = 1418.72 microstrain

Calibration of the semi-circular bridge beam after the experiment in
microstrain

No 0.02 mm 0.04 mm 0.06 mm 0.08 mm 0.1 mm
1 128.50 265.99 430.50 578.00 700.00
2 128.52 265.98 430.55 577.87 700.10
3 128.52 265.99 430.56 577.94 700.13
4 128.53 265.88 430.60 577.99 700.12
5 128.54 265.95 430.60 577.98 700.12
6 128.54 265.97 430.66 578.00 700.12
7 128.53 265.88 430.67 578.00 700.12
8 128.53 265.88 430.66 578.03 700.12
9 128.53 265.88 430.66 578.03 700.20
10 128.50 265.99 430.60 578.01 700.12

Mean 128.52 265.94 430.61 577.99 700.12
S.D. 0.01 0.05 0.05 0.05 0.05

1285.2 1329.7 1435.67 1444.97 1400.24
1 mm = 1379.17 microstrain
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Calibration of the right beam
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Calibration of the transverse beam
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Calibration of the force detector beam before the experiment in millivolts
No 10 gm 20 gm 30 gm 40 gm 50 gm 60 gm 70 gm 80 gm 90 gm 100 gm
1 3.00 6.60 10.40 14.30 18.40 21.40 25.30 28.70 31.60 35.10
2 2.90 6.50 10.30 14.30 18.40 21.30 25.40 28.60 31.60 35.10
3 3.00 6.40 10.30 14.40 18.50 21.40 25.40 28.70 31.50 35.10
4 3.10 6.60 10.40 14.40 18.50 21.50 25.40 28.70 31.50 35.10
5 2.90 6.70 10.30 14.30 18.60 21.50 25.40 28.70 31.60 35.10
6 3.00 6.40 10.30 14.30 18.40 21.40 25.30 28.60 31.60 35.00
7 2.90 6.60 10.40 14.40 18.40 21.30 25.40 28.60 31.60 35.00
8 3.00 6.60 10.30 14.40 18.40 21.40 25.40 28.60 31.50 35.10
9 2.90 6.60 10.40 14.30 18.50 21.50 25.40 28.60 31.50 35.10
10 3.00 6.70 10.40 14.30 18.50 21.50 25.30 28.60 31.50 35.10
Mean 2.97 6.57 10.35 14.34 18.46 21.42 25.37 28.64 31.55 35.08
S.D 0.06 0.10 0.05 0.05 0.07 0.07 0.05 0.05 0.05 0.04

<Calibration of t le force detector beam after the experiment in millivolts
No 10 gm 20 gm 30 gm 40 gm 50 gm 60 gm 70 gm 80 gm 90 gm 100 gm
1 3.00 6.40 10.30 14.30 18.40 21.40 25.30 28.60 31.60 35.00
2 2.90 6.60 10.40 14.40 18.40 21.30 25.40 28.60 31.60 35.00
3 3.00 6.60 10.30 14.40 18.40 21.40 25.40 28.60 31.50 35.10
4 2.90 6.60 10.40 14.30 18.50 21.50 25.40 28.60 31.50 35.10
5 3.00 6.70 10.40 14.30 18.50 21.50 25.30 28.60 31.50 35.10
6 3.00 6.60 10.40 14.30 18.40 21.40 25.30 28.70 31.60 35.10
7 2.90 6.50 10.30 14.30 18.40 21.30 25.40 28.60 31.60 35.10
8 3.00 6.40 10.30 14.40 18.50 21.40 25.40 28.70 31.50 35.10
9 3.10 6.60 10.40 14.40 18.50 21.50 25.40 28.70 31.50 35.10
10 2.90 6.70 10.30 14.30 18.60 21.50 25.40 28.70 31.60 35.10
Mean 2.97 6.57 10.35 14.34 18.46 21.42 25.37 28.64 31.55 35.08
S.D 0.06 0.10 0.05 0.05 0.07 0.07 0.05 0.05 0.05 0.04

>
E

Calibration chart for the force detector beam before and 
after the experiment
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C alibration  o f  the L V D T  before t tie exp erim en t in m illivo lts
No 0.01 mm 0.02 mm 0.03 mm 0.04 mm 0.05 mm 0.06 mm 0.07 mm 0.08 mm 0.09 mm 0.1 mm
1 0.17 0.33 0.49 0.62 0.83 0.99 1.14 1.29 1.45 1.59
2 0.17 0.32 0.49 0.62 0.83 0.99 1.14 1.29 1.45 1.59
3 0.17 0.32 0.48 0.63 0.85 0.99 1.14 1.29 1.45 1.59
4 0.17 0.33 0.49 0.63 0.85 0.99 1.14 1.29 1.45 1.59
5 0.17 0.33 0.49 0.61 0.83 1.00 1.14 1.29 1.45 1.59
6 0.17 0.33 0.49 0.62 0.84 1.00 1.14 1.29 1.45 1.59
7 0.17 0.33 0.49 0.62 0.84 1.00 1.14 1.29 1.45 1.59
8 0.17 0.33 0.49 0.62 0.84 0.99 1.14 1.29 1.45 1.59
9 0.17 0.33 0.49 0.62 0.84 0.99 1.14 1.29 1.45 1.59
10 0.17 0.34 0.49 0.62 0.84 1.00 1.14 1.29 1.49 1.59

Mean 0.17 0.33 0.49 0.62 0.84 0.99 1.14 1.29 1.45 1.59
S.D 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00

C alibration  o f  ithe L V D T  after the exp erim en t in m illivo lts
No 0.01 mm 0.02 mm 0.03 mm 0.04 mm 0.05 mm 0.06 mm 0.07 mm 0.08 mm 0.09 mm 0.1 mm
1 0.17 0.33 0.49 0.62 0.84 1.00 1.14 1.29 1.45 1.59
2 0.17 0.33 0.49 0.62 0.84 1.00 1.14 1.29 1.45 1.59
3 0.17 0.33 0.49 0.62 0.84 0.99 1.14 1.29 1.45 1.59
4 0.17 0.33 0.49 0.62 0.84 0.99 1.14 1.29 1.45 1.59
5 0.17 0.34 0.49 0.62 0.84 1.00 1.14 1.29 1.49 1.59
6 0.17 0.33 0.49 0.62 0.83 0.99 1.14 1.29 1.45 1.59
7 0.17 0.32 0.49 0.62 0.83 0.99 1.14 1.29 1.45 1.59
8 0.17 0.32 0.48 0.63 0.85 0.99 1.14 1.29 1.45 1.59
9 0.17 0.33 0.49 0.63 0.85 0.99 1.14 1.29 1.45 1.59
10 0.17 0.33 0.49 0.61 0.83 1.00 1.14 1.29 1.45 1.59

Mean 0.17 0.33 0.49 0.62 0.84 0.99 1.14 1.29 1.45 1.59
S.D 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00

Calibration o f  the L V D T  before and after  the experim ent
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Figure 1. Tracings of the semicircular bridge and the force detector 
beams. The micrometer was zeroed at the beginning and its tip moved a 
distance of 0.01 mm. The procedure was repeated five times and for 
every 0.01 mm movement of the beam up to 0.1 mm.
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M edia l con vergen ce  
(m m )

L oad (gm )

0 0
0.01 5
0.02 11
0.03 15
0.04 20
0.05 28
0.06 30
0.07 37
0.08 40
0.09 43
0.10 50

Table 1. Load related to the horizontal displacement of the bridge beam 
when mounted on the x-y table.

Horizontal displacement 
(mm)

Load (gm)

0.000 0
0.005 2000
0.013 4000
0.015 6000
0.021 8000
0.027 10000
0.031 12000
0.035 14000
0.040 18000
0.046 16000
0.050 20000
0.056 22000
0.061 24000
0.070 26000
0.076 28000

Table 2. Load related to medial convergence (using a linear variable 
differential transformer) when load was applied in the premolar area 
of the dry mandible.
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MUSCLE GROUP
CORONAL ANGLE 

MEAN ± S.D
SAGITTAL ANGLE 

MEAN ± S.D

RIGHT LEFT RIGHT LEFT

Masseter 91.7° ±4.5 90.7° ±3.1 58.3° ± 3.9 60.7° ± 4.1

Temporalis 85.5° ± 5.5 85.9° ± 6.8 59.4° ± 3.5 61.2° ± 4.3

Medial pterygoid 87.6° ± 7.2 87.6° ± 5.9 45° ± 6.8 50.9° ± 5.1

Table 3. Orientation o f the closing muscles of the jaw.

% OF 
ABSOLUTE 

STRENGTH OF 
MUSCLE

2% 4% 6% 8% 10% 20%

Medial pterygoid 0.312 kg 0.624 kg 0.936 kg 1.248 kg 1.560 kg 3.12 kg

Masseter 0.484 kg 0.968 kg 1.425 kg 1.936 kg 2.420 kg 4.84 kg

Temporalis 0.560 kg 1.120 kg 1.680 kg 2.2 40 kg 2.800 kg 16.00 kg

Total 1.356 kg 2.730 kg 4.068 kg 5.424 kg 6.780 kg 13.56 kg

Table 4. Absolute strength of the muscles attached to the mandible.
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“ There really aren't any standard guidelines for handling human remains, I'm afraid. 
Probably we should have something established but, as yet, nobody has. I've written 
some informal guidelines for the excavation and conservation of human remains, but 
that's not really what you are after I suspect. I can see you would like to fit in with the 
examiners' wishes, but I'm not quite sure what you could add really.”

Personal communication with Professor Hillson, head of the 
Department of Archaeology at the University College London, 
regarding regulations on the handling of bone.

Experiment 1 
(microstrain)

110 95 190 250 80 220 190 85 70 45 80

Experiment 2 
(microstrain)

111 102 195 250 80 221 192 85 71 45 82

Mean N Std. Deviation Std. Error Mean

EXPl 128.636 11 70.110 21.139

EXP2 130.818 11 69.578 20.979

Paired

differences
t df

Sig. (2- 

tailed)

Mean
Std.

deviation

95% Confidence interval of 

the difference

Lower Upper

EXPl-

EXP2
-2.182 2.857 -4.01 -0.262 -2.533 10 0.30

Table 5. Statistical analysis to check for experiment {in-vitro) repeatability 
(readings from 11 strain gauges), when 70 N was applied to the right implant.
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APPENDIX (II)

IN-VIVO EXPERIMENT

□ Calibration of the beams used to measure mandibular deformation (pages 
319-326)

□ Subject (1) tracings (pages 327-328)

a Dimensions of subject beams (page 329) 

a Muscle tensions and angulations (page 329-330)

□ Differences between the measured and predicted deformation data (page 

331)

□ Consent form (pages 332-333)
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Calibration of the force beam before the experiment in volts

No 0.2kg 0.4kg 0.6kg 0.8kg 1kg 1.2kg 1.4kg 1.6kg 1.8kg 2.0kg
1 0.39 0.78 1.19 1.62 2.01 2.41 2.79 3.19 3.58 4.00
2 0.40 0.78 1.20 1.62 2.10 2.43 2.80 3.18 3.60 4.09
3 0.38 0.78 1.18 1.61 2.11 2.42 2.81 3.17 3.59 4.08
4 0.40 0.77 1.21 1.60 2.13 2.42 2.81 3.19 3.59 4.08
5 0.40 0.76 1.21 1.61 2.09 2.42 2.81 3.19 3.59 4.00
6 0.40 0.76 1.17 1.61 2.09 2.43 2.80 3.18 3.59 4.00
7 0.39 0.76 1.18 1.60 2.08 2.41 2.79 3.18 3.60 4.00
8 0.39 0.76 1.19 1.62 2.09 2.41 2.78 3.19 3.60 4.00
9 0.38 0.77 1.23 1.61 2.10 2.41 2.78 3.19 3.60 4.09
10 0.38 0.77 1.23 1.61 2.10 2.41 2.78 3.18 3.60 4.09

Mean 0.39 0.77 1.20 1.61 2.09 2.42 2.80 3.18 3.59 4.04
S.D. 0.01 0.01 0.02 0.01 0.03 0.01 0.01 0.01 0.01 0.04

1.957 1.923 1.998 2.014 2.090 2.014 1.996 1.990 1.997 2.022
Ik" = 200 mV

Calibration of the force beam after the experiment in volts

No 0.2kg 0.4kg 0.6kg 0.8kg 1kg 1.2kg 1.4kg 1.6kg 1.8kg 2.0kg
1 0.40 0.80 1.20 1.59 2.10 2.41 2.80 3.20 3.70 4.01
2 0.40 0.80 1.20 1.58 2.10 2.41 2.80 3.20 3.60 4.01
3 0.41 0.80 1.18 1.58 2.11 2.41 2.81 3.20 3.70 4.08
4 0.40 0.77 1.21 1.60 2.13 2.42 2.81 3.18 3.70 4.08
5 0.41 0.76 1.21 1.61 2.07 2.42 2.81 3.20 3.59 4.00
6 0.40 0.76 1.17 1.61 2.09 2.43 2.80 3.20 3.80 4.09
7 0.39 0.76 1.18 1.60 2.08 2.41 2.79 3.18 3.80 4.00
8 0.41 0.76 1.19 1.62 2.09 2.41 2.78 3.19 3.60 4.00
9 0.38 0.77 1.23 1.61 2.09 2.41 2.78 3.19 3.60 4.09
10 0.38 0.77 1.23 1.61 2.10 2.41 2.78 3.18 3.60 4.00

Mean 0.40 0.78 1.20 1.60 2.10 2.41 2.80 3.19 3.67 4.04
S.D. 0.01 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.08 0.04

1.990 1.938 2.000 2.001 2.096 2.012 1.997 1.995 2.038 2.018

1kg = 201 mV
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Calibration of the force beam
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Calibration of the left beam before the experiment in microstrain

No 0.2 mm 0.4 mm 0.6 mm 0.8 mm -0.2 mm -0.4 mm -0.6 mm
1 72.62 141.23 209.33 277.68 -69.52 -139.00 -207.00
2 72.62 141.23 209.34 277.66 -70.00 -139.09 -207.09
3 72.62 141.23 209.33 277.65 -69.90 -139.10 -207.10
4 72.64 141.24 209.34 277.79 -69.99 -139.10 -207.09
5 72.62 140.99 209.33 277.77 -69.52 -139.10 -207.09
6 72.63 140.88 209.31 277.69 -69.52 -139.08 -207.08
7 72.63 140.88 209.32 277.78 -69.55 -139.09 -207.07
8 72.63 140.97 209.31 277.76 -69.55 -139.10 -207.07
9 72.64 141.00 209.31 277.82 -69.52 -139.10 -207.08
10 72.64 141.00 209.33 277.78 -69.55 -139.09 -207.02

Mean 72.63 141.07 209.33 277.74 -69.66 -139.09 -207.07
S.D. 0.01 0.14 0.01 0.06 -0.20 -0.03 -0.03

726.290 705.325 697.75 694.345 696.62 695.425 690.23

1mm = 700.86 microstrain

Calibration of the left beam after the experiment in microstrain

No 0.2 mm 0.4 mm 0.6 mm 0.8 mm -0.2 mm -0.4 mm -0.6 mm
1 71.99 137.09 206.90 277.68 -69.52 -138.99 -206.99
2 71.97 137.08 207.00 277.66 -70.00 -139.09 -206.94
3 71.98 137.10 207.00 277.65 -69.90 -139.10 -206.98
4 72.00 137.10 206.99 277.79 -69.99 -138.98 -207.09
5 72.62 137.06 206.99 277.77 -69.52 -138.94 -207.09
6 72.63 137.01 206.88 277.69 -69.52 -138.00 -207.08
7 72.63 137.02 206.88 277.78 -69.55 -139.09 -207.07
8 72.63 137.09 206.88 277.76 -69.55 -139.10 -207.07
9 72.64 137.08 206.88 277.82 -69.52 -139.10 -206.90
10 72.64 137.03 206.88 277.78 -69.55 -139.09 -206.90

Mean 72.37 137.07 206.93 277.74 -69.66 -138.95 -207.01
S.D. 0.32 0.03 0.06 0.06 -0.20 -0.32 -0.07

723.730 685.33 689.76 694.345 696.62 694.74 690.037

1mm = 696.37 microstrain
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Calibration of the right beam before the experiment in microstrain

No 0.2 mm 0.4 mm 0.6 mm 0.8 mm -0.2 mm -0.4 mm -0.6 mm
1 58.79 111.62 169.57 222.21 -59.00 -116.00 -169.10
2 58.99 111.63 169.58 222.22 -59.12 -116.01 -169.09
3 58.77 111.64 169.58 222.31 -59.16 -116.02 -169.08
4 58.80 111.64 169.59 222.28 -59.11 -116.03 -169.09
5 58.78 111.63 169.59 222.28 -59.16 -116.02 -169.11
6 58.78 111.63 169.53 222.29 -59.14 -116.02 -169.11
7 58.88 111.62 169.52 222.27 -59.09 -116.03 -169.11
8 58.88 111.62 169.54 222.28 -59.08 -116.03 -169.11
9 58.78 111.63 169.55 222.29 -59.10 -116.03 -169.11
10 58.77 111.63 169.50 222.28 -59.10 -116.03 -169.11

Mean 58.82 111.63 169.56 222.27 -59.11 -116.02 -169.10
S.D. 0.07 0.01 0.03 0.03 -0.04 0.01 0.01

588.220 558.145 565.183 555.678 591.06 580.11 563.673
1mm = 571.72 microstrain

Calibration of the right beam after the experiment in microstrain

No 0.2 mm 0.4 mm 0.6 mm 0.8 mm -0.2 mm -0.4 mm -0.6 mm
1 58.70 111.63 169.56 222.23 -59.09 -116.00 -169.10
2 58.89 111.64 169.52 222.23 -59.11 -116.01 -169.09
3 58.77 111.65 169.51 222.3 -59.16 -116.02 -169.08
4 58.80 111.62 169.51 222.29 -59.13 -116.03 -169.09
5 58.78 111.64 169.51 222.26 -59.13 -116.02 -169.11
6 58.76 111.63 169.53 222.29 -59.14 -116.02 -169.11
7 58.88 111.62 169.52 222.27 -59.09 -116.03 -169.11
8 58.88 111.62 169.54 222.28 -59.08 -116.03 -169.11
9 58.78 111.63 169.55 222.29 -59.10 -116.03 -169.11
10 58.77 111.63 169.50 222.3 -59.10 -116.03 -169.11

Mean 58.80 111.63 169.53 222.27 -59.11 -116.02 -169.10
S.D. 0.06 0.01 0.02 0.02 0.02 0.01 0.01

588.010 558.153 565.083 555.685 591.13 580.11 563.673
1mm = 571.69 microstrain
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Calibration of the transverse beam after the experiment in microstrain

No 0.2 mm 0.4 mm 0.6 mm 0.8 mm -0.2 mm -0.4 mm -0.6 mm
1 77.50 149.44 226.13 303.70 -75.88 -150.00 -232.00
2 77.51 149.43 226.12 303.71 -75.83 -150.00 -232.10
3 77.52 149.41 226.12 303.71 -75.84 -150.01 -232.09
4 77.53 149.41 226.18 303.71 -75.82 -150.01 -232.08
5 77.51 149.41 226.16 303.71 -75.81 -150.01 -232.01
6 77.51 149.42 226.17 303.70 -75.81 -150.03 -232.03
7 77.51 149.42 226.18 303.70 -75.83 -150.03 -232.03
8 77.51 149.42 226.18 303.69 -75.83 -150.03 -232.03
9 77.51 149.43 226.18 303.69 -75.82 -150.02 -232.02
10 77.52 149.43 226.18 303.69 -75.81 -150.02 -232.02

Mean 77.51 149.42 226.16 303.70 -75.83 -150.02 -232.04
S.D. 0.01 0.01 0.02 0.01 -0.02 -0.01 -0.03

775.130 747.11 753.867 759.253 758.28 750.08 773.47

1mm = 759.6 microstrain

Calibration of the transverse beam after the experiment in microstrain

No 0.2 mm 0.4 mm 0.6 mm 0.8 mm -0.2 mm -0.4 mm -0.6 mm
1 77.49 149.48 226.16 303.71 -75.87 -150.10 -232.00
2 77.51 149.42 226.16 303.76 -75.84 -150.10 -232.19
3 77.52 149.42 226.16 303.74 -75.85 -150.01 -232.19
4 77.53 149.47 226.18 303.73 -75.86 -150.01 -232.08
5 77.49 149.46 226.16 303.74 -75.81 -150.09 -232.01
6 77.51 149.42 226.17 303.72 -75.81 -150.03 -232.03
7 77.51 149.42 226.18 303.70 -75.83 -150.04 -232.12
8 77.51 149.42 226.18 303.69 -75.86 -150.03 -232.03
9 77.48 149.43 226.18 303.68 -75.82 -150.02 -232.02
10 77.52 149.46 226.18 303.69 -75.81 -150.02 -232.02

Mean 77.51 149.44 226.17 303.72 -75.84 -150.05 -232.07
S.D. 0.01 0.02 0.01 0.02 -0.02 -0.04 -0.07

775.070 747.200 753.903 759.29 758.36 750.225 773.563

1mm = 759.66 microstrain
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Calibration of the semi-circular bridge beam before the experiment in
microstrain

No 0.02 mm 0.04 mm 0.06 mm 0.08 mm 0.1 mm
1 157.74 287.05 386.39 502.19 618.00
2 157.72 287.10 386.40 502.20 617.09
3 157.71 287.11 386.39 502.20 617.02
4 157.71 287.30 386.39 502.19 617.07
5 157.73 287.11 386.39 502.19 617.09
6 157.72 287.11 386.39 502.20 617.09
7 157.72 287.30 386.40 502.20 617.10
8 157.71 287.20 386.40 502.20 617.11
9 157.71 287.10 386.40 502.19 617.11
10 157.72 287.13 386.40 502.19 617.11

Mean 157.72 287.15 386.40 502.20 617.18
S.D. 0.01 0.08 0.01 0.01 0.27

1577.190 1435.755 1287.983 1255.488 1234.358

1 mm = 1358.15 microstrain

Calibration of the semi-circular bridge beam after the experiment in
microstrain

No 0.02 mm 0.04 mm 0.06 mm 0.08 mm 0.1 mm
1 158.02 287.12 387.01 503.10 618.66
2 158.02 287.22 387.11 503.10 618.65
3 157.90 287.19 386.95 503.13 618.64
4 157.91 287.09 386.96 503.13 618.64
5 157.02 287.09 387.09 503.13 618.64
6 158.02 287.12 387.01 503.10 618.66
7 158.02 287.22 387.11 503.10 618.65
8 157.90 287.19 386.95 503.13 618.64
9 157.91 287.09 386.96 503.13 618.64
10 157.02 287.09 387.09 503.13 618.64

Mean 157.77 287.14 387.02 503.12 618.65
S.D. 0.38 0.05 0.07 0.01 0.01

1577.740 1435.710 1290.067 1257.800 1237.300

1 mm = 1359.723 microstrain
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Calibration of the left beam
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Calibration of the transverse beam
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Figure 2. Calibration of the force beam and the four beams used to 
measure mandibular deformation after the experiment.
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Figure 3. Calibration of the force beam and the four beams used to measure 
mandibular deformation before the experiment.
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Figure 4. Tracings for the beams used to measure mandibular 
deformation when force was applied sequentially to the right and left 
implants. The jaw was at maximum opening.
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Figure 5. Tracings for the beams used to measure mandibular 
deformation when force was applied sequentially to the right and left 
implants. The jaw was at mid-way opening.
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SUBJECT NO. 1 2 3 4 5

RIGHT BEAM
Length 45.00 45.50 46.30 46.50 45.00
Width 6.40 6.45 6.50 6.50 6.40
Thickness 1.18 1.30 1.25 1.30 1.18

LEFT BEAM
Length 44.30 42.35 42.45 42.45 45.00
Width 6.65 6.80 6.85 6.85 6.65
Thickness 1.20 1.25 1.3 1.25 1.20

TRANSVERSE BEAM
Length 37.50 38.00 38.5 38.50 38.50
Width 6.50 6.35 6.50 6.45 6.50
Thickness 1.2 1.29 1.35 1.35 1.25

SEMI-CIRCULAR BEAM
Length 31.00 31.45 31.58 31.65 25.35
Width 8.50 8.65 8.85 8.85 8.50
Thickness 0.30 0.35 0.45 0.35 0.30
Height 2.70 4.00 4.65 4.20 4.50

Table 6. Dimensions of subject beams in millimetres.

MUSCLE GROUP RIGHT SIDE LEFT SIDE

X y z X y z
Superficial masseter -0.208 0.880 0.419 -0.208 0.880 0.419

Deep masseter -0.555 0.759 -0.358 -0.555 0.759 -0.358

Medial pterygoid 0.485 0.791 0.373 0.485 0.791 0.373

Anterior temporalis -1.50 0.988 0.044 -1.50 0.988 0.044

Middle temporalis -0.233 0.837 -0.500 -0.233 0.837 -0.500

Posterior temporalis -0.208 0.480 0.855 -0.208 0.480 0.855

Inferior lateral pterygoid 0.630 -0.174 0.757 0.630 -0.174 0.757

Superior lateral pterygoid 0.761 0.074 0.645 0.761 0.074 0.645

Table 7. The x, y and z co-ordinates are the three-dimensional co-ordinates of 
unit vectors representing muscle direction, where the x-y plane is the frontal 
plane in which the mandible was originally imaged, x-z represents the 
horizontal plane and the y-z represents the mid-sagittal plane. When seen 
from the front, the + x-axis oriented toward the right, the + y-axis ran upward 
and the + z-axis oriented forward (anteriorly).
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MUSCLE

CROSS
SECTION

(CM*) MG

MG
CROSS

SECTION
(CM*)

MUSCLE
WEIGHTING

FACTOR
(N)

SCALING FACTOR

Right lateral 
excursion

Left lateral 
excursion Protrusion Opening

(maximum)
Opening

(mid-way)
Right Left Right Left Right Left Right Left Right Left

Masseter 3.4

SM 2.38 190.4 0.07 0.28 0.30 0.05 0.64 0.64 0.43 0.43 0.33 0.32

DM 1.02 81.6 0.06 0.20 0.25 0.07 0.16 0.16 0.13 0.13 0.13 0.13

Medial
pterygoid 1.9 MP 1.9 174.8 0.06 0.77 0.82 0.08 0.88 0.88 0.34 0.34 0.34 0.34

Temporalis 4.2

AT 2.4 158.0 0.17 0.06 0.05 0.20 0.68 0.68 0.40 0.40 0.32 0.30

MT 1.1 95.6 0.86 0.04 0.06 0.85 0.03 0.05 0.16 0.19 0.16 0.19

PT 0.7 75.6 0.66 0.02 0.03 0.66 0.04 0.03 0.21 0.21 0.21 0.21

Lateral
pterygoid

2.1 ILP 1.1 66.9 0.07 0.96 0.94 0.1 0.89 0.89 0.90 0.90 0.70 0.72

SLP 1.0 28.7 0.08 0.98 0.94 0.1 0.85 0.85 0.78 0.76 0.87 0.81

Table 8. Muscles and muscle group (MG) cross sections, weighting and scaling factors assigned to the meisticatory 
muscles for five mandibular movements (Nelson 1986). Superficial masseter (SM), deep masseter (DM), medial pterygoid 
(MP), anterior temporalis (AT), medial temporalis (MT), posterior temporalis (PT), inferior lateral pterygoid (ILP), 
superior lateral pterygoid (SLP). Muscle weighting factor (M )^ ), muscle group (MG).

wwo



Mandibular function Jaw
deformation

SUB 1 
(%)

SUB 2 
(% )

SUB 3 
(% )

SUB 4 
(% )

SUB 5 
(% )

Maximum opening MC 9 3 15 14 4
Protrusion MC 7 13 8 18 5

Right Lateral Excursion MC 13 8 10 6 7
Left Lateral Excursion MC 9 6 12 14 6
Load applied at right 
implant / Maximum 

opening
MC 9 8 19 7 14

Load applied at left implant 
/ Maximum opening MC 19 12 10 10 7
Load applied at right 

implant / Mid-way opening MC 3 8 7 14 18
Load applied at left implant 

/ Mid-way opening MC 7 4 7 12 8

Maximum opening CR 19 17 19 6 9
Protrusion CR 9 8 12 7 9

Right Lateral Excursion CR 12 8 12 18 15
Left Lateral Excursion CR 11 12 12 12 8
Load applied at right 
implant / Maximum 

opening
CR 8 9 11 12 10

Load applied at left implant 
/ Maximum opening CR 8 14 9 8 13

Load applied at right 
implant / Mid-way opening CR 9 10 8 4 13
Load applied at left implant 

/ Mid-way opening CR 12 11 15 6 14

Maximum opening DV 8 13 14 8 14
Protrusion DV 8 12 6 13 6

Right Lateral Excursion DV 8 5 3 12 13
Left Lateral Excursion DV 16 13 6 15 12
Load applied at right 
implant / Maximum 

opening
DV 8 9 11 12 10

Load applied at left implant 
/ Maximum opening DV 8 11 9 5 4
Load applied at right 

implant / Mid-way opening DV 8 12 12 14 14
Load applied at left implant 

/ Mid-way opening DV 16 8 13 14 10

Table 9. Differences between the measured and predicted deformation 
data are expressed as absolute percentages of the measured values. 
Medial convergence (MC), dorso-ventral shear (DV) and corporal 
rotation (CR).
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Eastman Dental Institute and Hospital 
Department of Prosthetic Dentistry 

M andibular Deform ation Study. Consent Form

Eastman Dental Institute and Hospital Joint Research & Ethics Committee

Please read this form carefully. Please ask if you do not understand or would like 

more information.

Form of consent by a patient to participate in research not associated with 

clinical treatment.

CONSENT BY THE PATIENT

Title o f Research: Modelling of Mandibular Functional Deformation 

Name of Investigator: Jehad Al-Sukhun

(Full name)

of............................................................................................................................. (Address)

hereby fully and freely consent to participate in the above research project/clinical 

trial.

I agree that my general practitioner may be notified o f my participation in the trial and 

that he may release information on my past history. I have informed an investigator o f  

any drug I am presently taking.

I understand and acknowledge that the investigation is designed to promote medical 

knowledge.
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I understand that I may withdraw my consent at any stage in the investigation. I 

acknowledge the purpose o f the investigation and accept any risks involved from the 

procedures. The nature and purpose o f such procedures has been detailed to me in an 

information sheet and has been explained to me by:

Dr/Mr/Mrs................................................................................................................................

Signed......................................................................................................Date.........

DECLARATION BY THE INVESTIGATOR

I confirm that I have provided an information sheet and explained the nature and 

effect o f the procedures to the volunteer and that his/her consent has been given freely 

and voluntarily.

Signed 

Name .
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APPENDIX (III)

SENSITIVITY ANALYSIS

One o f the finite element models was selected for the study o f the effects o f  

changing variables on its predictions. The effects o f these variables were quantified as 

the differences in principal strain magnitudes between the original finite element 

model for subject 1 prior to the sensitivity analyses and the modified model. The 

strain differences were measured as percentages o f the original values at each o f the 

17 nodes forming the cortical outline o f the mandibular cross section between the 

implant and the first molar.

The variables were:

□ Material properties of bone (pages 335-345)

□ Geometry o f the mandible (pages 346-349)

□ Material properties of the semicircular bridge beam (pages 350-352)

□ Boundary conditions (muscle tensions, angulations and restraints) (pages

353-364)
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MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original E x % E y % E z % Original E x % E y % E z %

I 358 3 4 4 3 . 9 355 0 . 8 355 0 . 8 - 4 0 8 - 3 8 9 4 . 7 - 4 0 6 0 . 5 -396 2 . 9

2 4 4 1 4 3 6 1 . 1 4 3 7 0 . 9 4 3 4 1 . 6 - 5 3 4 - 5 1 3 3 . 9 - 5 3 3 0 . 2 - 5 2 0 2 . 6

3 5 6 4 5 7 4 - 1 . 8 5 5 8 1 . 1 552 2 . 1 - 6 8 6 - 6 7 1 2 . 2 - 6 8 4 0 . 3 - 6 7 0 2 . 3

4 111 7 9 6 - 2 . 4 7 7 4 0 . 4 7 6 4 1 . 7 - 8 4 6 - 8 2 7 2 . 2 - 8 4 1 0 . 6 - 8 2 1 3 . 0

5 8 5 9 8 7 4 - 1 . 7 8 5 7 0 . 2 8 3 0 3 . 4 - 8 6 4 - 8 3 1 3.8 - 8 5 8 0 . 7 - 8 4 7 2 . 0

6 9 2 7 9 4 0 - 1 . 4 929 - 0 . 2 886 4 . 4 - 7 6 4 - 7 2 8 4 . 7 - 7 6 6 - 0 . 3 - 7 7 6 - 1 . 6

7 9 4 2 9 4 6 - 0 . 4 9 3 9 0 . 3 9 2 1 2.2 - 6 8 4 - 6 3 7 6.9 - 6 8 3 0 . 1 - 6 9 5 - 1 . 6

8 8 7 7 8 7 4 0 . 3 8 6 0 1 . 9 8 8 1 - 0 . 5 - 7 1 9 - 6 8 5 4 . 7 - 7 1 4 0 . 7 - 7 2 8 - 1 . 3

9 111 7 3 1 5 . 9 7 5 8 2 . 4 7 9 1 - 1 . 8 - 1 0 7 5 - 1 0 4 3 3 . 0 - 1 0 6 9 0 . 6 - 1 0 5 7 1 . 7

10 5 6 2 5 5 8 0 . 7 5 5 8 0 . 7 5 7 0 - 1 . 4 - 4 6 9 - 4 7 5 - 1 . 3 - 4 7 7 - 1 . 7 - 4 7 2 - 0 . 6

11 5 9 1 5 8 7 0 . 7 593 - 0 . 3 5 9 4 - 0 . 5 - 6 0 2 - 5 8 8 2 . 3 - 6 0 3 - 0 . 2 - 6 0 0 0 . 3

12 5 7 8 5 6 7 1 . 9 5 7 8 0 . 0 5 7 6 0 . 3 - 6 5 3 - 6 4 4 1 . 4 -652 0 . 2 - 6 4 6 1 . 1

13 6 6 0 658 0 . 3 6 5 5 0 . 8 6 5 5 0 . 8 - 6 8 1 - 6 8 8 - 1 . 0 - 6 7 7 0 . 6 - 6 6 6 2 . 2

14 6 8 7 6 8 7 0 . 0 682 0 . 7 6 7 0 2 . 5 - 6 6 6 - 6 8 0 - 2 . 1 - 6 6 3 0 . 5 -649 2 . 6

15 6 6 0 6 6 0 0 . 0 653 1 . 1 6 4 3 2.6 - 6 1 8 - 6 9 2 - 1 2 . 0 - 6 1 4 0.6 - 6 0 3 2 . 4

16 538 535 0 . 6 5 3 1 1 . 3 5 2 4 2 . 6 - 5 5 8 - 5 5 7 0 . 2 - 5 5 2 1 . 1 - 5 4 5 2 . 3

17 3 8 4 3 7 5 2 . 3 3 7 9 1 . 3 3 7 8 1 . 6 - 4 8 5 - 4 7 2 2 . 7 - 4 8 0 1 . 0 - 4 7 3 2 . 5

MAX 5 . 9  MAX 2 . 4  MAX 4 . 4  MAX 6 . 9  MAX 1 . 7  MAX 3 . 0  

MIN 0 . 0  MIN 0 . 0  MIN 0 . 3  MIN 0 . 2  MIN 0 . 1  MIN 0 . 3

Sensitivity Analysis (Elastic moduli - single)

Original
1 5 0 0

1000

5 0 0

- 5 0 0

1000

- 1 5 0 0

Node numbers
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MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Vxy % Vxz % Vyz % Original Vxy % Vxz % Vyz %
1 358 356 0.6 358 0.0 355 0.8 -408 -406 0.5 -407 0.2 -406 0.5

2 441 440 0.2 442 -0.2 438 0.7 -534 -534 0.0 -534 0.0 -532 0.4
3 564 563 0.2 564 0.0 561 0.5 -686 -688 -0.3 -686 0.0 -684 0.3
4 777 777 0.0 777 0.0 775 0.3 -846 -851 -0.6 -846 0.0 -845 0.1
5 859 860 -0.1 859 0.0 860 -0.1 -864 -871 -0.8 -865 -0.1 -862 0.2
6 927 932 -0.5 927 0.0 929 -0.2 -764 -772 -1.0 -767 -0.4 -763 0.1
7 942 946 -0.4 940 0.2 939 0.3 -684 -692 -1.2 -686 -0.3 -684 0.0
8 877 878 -0.1 877 0.0 874 0.3 -719 -725 -0.8 -719 0.0 -720 -0.1
9 777 791 -1.8 778 -0.1 782 -0.6 -1075 -1079 -0.4 -1070 0.5 -1080 -0.5
10 562 559 0.5 560 0.4 560 0.4 -469 -465 0.9 -468 0.2 -469 0.0
11 591 591 0.0 591 0.0 592 -0.2 -602 -601 0.2 -602 0.0 -602 0.0
12 578 581 -0.5 580 -0.3 579 -0.2 -653 -654 -0.2 -653 0.0 -653 0.0
13 660 663 -0.5 661 -0.2 660 0.0 -681 -685 -0.6 -682 -0.1 -682 -0.1
14 687 689 -0.3 687 0.0 686 0.1 -666 -669 -0.5 -667 -0.2 -667 -0.2
15 660 660 0.0 660 0.0 658 0.3 -618 -618 0.0 -618 0.0 -617 0.2
16 538 535 0.6 537 0.2 535 0.6 -558 -555 0.5 -558 0.0 -556 0.4
17 384 381 0.8 383 0.3 382 0.5 -485 -481 0.8 -484 0.2 -483 0.4

MAX 1.8 MAX 0.4 MAX 0.8 MAX 1.2 MAX 0.5 MAX 0.5
MIN 0.0 MIN 0.0 MIN 0.1 MIN 0.0 MIN 0.0 MIN 0.0

Sensitivity Analysis (Poisson’s ratio-single)

ORIGINAL Vxy Vxz Vyz
1500 1

1000 -

500

-500 -

1000

-1500

Node numbers
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MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Gxy % Gxz % Gyz % Original Gxy % Gxz % Gyz %
1 358 366 -2.2 270 24.6 334 6.7 -408 -422 -3.4 -303 25.7 -390 4.4
2 441 413 6.3 372 15.6 416 5.7 -534 -497 6.9 -446 16.5 -521 2.4
3 564 493 12.6 514 8.9 544 3.5 -686 -614 10.5 -596 13.1 -680 0.9
4 777 675 13.1 699 10.0 757 2.6 -846 -757 10.5 -747 11.7 -850 -0.5
5 859 782 9.0 718 16.4 863 -0.5 -864 -809 6.4 -731 15.4 -863 0.1
6 927 884 4.6 761 17.9 929 -0.2 -764 -728 4.7 -621 18.7 -755 1.2
7 942 888 5.7 813 13.7 908 3.6 -684 -647 5.4 -570 16.7 -690 -0.9
8 877 816 7.0 765 12.8 843 3.9 -719 -681 5.3 -585 18.6 -731 -1.7
9 111 815 -4.9 671 13.6 753 3.1 -1075 -1061 1.3 -875 18.6 -1113 -3.5
10 562 532 5.3 469 16.5 557 0.9 -469 -425 9.4 -381 18.8 -471 -0.4
11 591 528 10.7 493 16.6 598 -1.2 -602 -542 10.0 -514 14.6 -606 -0.7
12 578 543 6.1 459 20.6 585 -1.2 -653 -597 8.6 -544 16.7 -650 0.5
13 660 609 7.7 543 17.7 656 0.6 -681 -639 6.2 -541 20.6 -683 -0.3
14 687 624 9.2 589 14.3 679 1.2 -666 -616 7.5 -543 18.5 -664 0.3
15 660 588 10.9 591 10.5 642 2.7 -618 -562 9.1 -523 15.4 -606 1.9
16 538 491 8.7 475 11.7 516 4.1 -558 -557 0.2 -472 15.4 -537 3.8
17 384 390 -1.6 297 22.7 368 4.2 -485 -494 -1.9 -386 20.4 -459 5.4

MAX 13.1 MAX 24.6 MAX 6.7 MAX 10.5 MAX 25.7 MAX 5.4
MIN 1.6 MIN 8.9 MIN 0.2 MIN 0.2 MIN I I . 7 MIN 0.1

Sensitivity Analysis (Shear moduli-single)

ORIGINAL Gxy Gxz Gyz
1500

1000

500

-500

1000

-1500

Node numbers
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MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original ExEy % ExEz % EyEZ % Original ExEy % ExEz % EyEz %
1 358 342 4.5 342 4.5 352 1.7 -408 -386 5.4 -377 7.6 -394 3.4
2 441 432 2.0 429 2.7 430 2.5 -534 -512 4.1 -499 6.6 -518 3.0
3 564 567 -0.5 562 0.4 545 3.4 -686 -668 2.6 -655 4.5 -667 2.8
4 777 792 -1.9 783 -0.8 760 2.2 -846 -823 2.7 -803 5.1 -817 3.4
5 859 872 -1.5 845 1.6 828 3.6 -864 -825 4.5 -814 5.8 -842 2.5
6 927 941 -1.5 899 3.0 887 4.3 -764 -729 4.6 -738 3.4 -777 -1.7
7 942 943 -0.1 925 1.8 916 2.8 -684 -636 7.0 -646 5.6 -692 -1.2
8 877 858 2.2 878 -O.I 862 1.7 -719 -679 5.6 -693 3.6 -723 -0.6
9 777 717 7.7 746 4.0 776 0.1 -1075 -1038 3.4 -1022 4.9 -1052 2.1
10 562 555 1.2 566 -0.7 564 -0.4 -469 -483 -3.0 -479 -2.1 -479 -2.1
11 591 588 0.5 588 0.5 595 -0.7 -602 -589 2.2 -588 2.3 -602 0.0
12 578 566 2.1 563 2.6 574 0.7 -653 -643 1.5 -638 2.3 -644 1.4
13 660 652 1.2 651 1.4 650 1.5 -681 -684 -0.4 -673 1.2 -661 2.9
14 687 681 0.9 669 2.6 665 3.2 -666 -677 -1.7 -663 0.5 -646 3.0
15 660 653 1.1 643 2.6 636 3.6 -618 -626 -1.3 -615 0.5 -599 3.1
16 538 527 2.0 521 3.2 517 3.9 -558 -552 1.1 -544 2.5 -539 3.4
17 384 370 3.6 369 3.9 372 3.1 -485 -467 3.7 -460 5.2 -468 3.5

MAX 7.7 MAX 4.5 MAX 4.3 MAX 7.0 MAX 7.6 MAX 3.5
MIN 0.1 MIN 0.1 MIN 0.1 MIN 0.4 MIN 0.5 MIN 0.0

Sensitivity Analysis (Elastic moduli-combined)

ORIGINAL ExEy ExEz EyEZ
1500

1000

500

f\-500

1000

-1500

Node numbers
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MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes ORIGINAL ExEyEz % ORIGINAL ExEyEz %
1 358 342 4.5 -408 -386 5.4
2 441 432 2.0 -534 -512 4.1
3 564 567 -0.5 -686 -668 2.6
4 777 793 -2.1 -846 -823 2.7
5 859 873 -1.6 -864 -825 4.5
6 927 941 -1.5 -764 -729 4.6
7 942 943 -0.1 -684 -636 7.0
8 877 858 2.2 -719 -769 -7.0
9 777 718 7.6 -1075 -1038 3.4
10 562 556 1.1 -469 -483 -3.0
11 591 588 0.5 -602 -589 2.2
12 578 566 2.1 -653 -643 1.5
13 660 653 1.1 -681 -684 -0.4
14 687 682 0.7 -666 -677 -1.7
15 660 653 1.1 -618 -626 -1.3
16 538 528 1.9 -558 -552 1.1
17 384 370 3.6 -485 -467 3.7

MAX 7.6 MAX 7.0 
MIN 0.1 MIN 0.4

Sensitivity Analysis (Elastic moduli-combined)

ORIGINAL ExEyEz
1500 -1

1000 -

500 -

-500 -

-1000  -

-1500 J

Node numbers
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MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Vxy
Vyz % Vxy

Vxz % Vyz
Vxz % Original Vxy

Vyz % Vxy
Vxz % Vyz

Vxz %

1 358 355 0.8 358 0.0 357 0.3 -408 -404 1.0 -405 0.7 -405 0.7
2 441 438 0.7 442 -0.2 440 0.2 -534 -531 0.6 -533 0.2 -532 0.4
3 564 561 0.5 564 0.0 562 0.4 -686 -686 0.0 -687 -0.1 -684 0.3
4 777 776 0.1 778 -0.1 776 0.1 -846 -850 -0.5 -851 -0.6 -845 0.1
5 859 863 -0.5 862 -0.3 862 -0.3 -864 -870 -0.7 -873 -1.0 -864 0.0
6 927 934 -0.8 933 -0.6 929 -0.2 -764 -770 -0.8 -775 -1.4 -766 -0.3
7 942 944 -0.2 945 -0.3 938 0.4 -684 -692 -1.2 -694 -1.5 -686 -0.3
8 877 877 0.0 879 -0.2 875 0.2 -719 -726 -1.0 -725 -0.8 -720 -0.1
9 777 798 -2.7 793 -2.1 784 -0.9 -1075 -1083 -0.7 -1074 0.1 -1074 0.1
10 562 558 0.7 558 0.7 559 0.5 -469 -464 1.1 -463 1.3 -467 0.4
11 591 592 -0.2 591 0.0 593 -0.3 -602 -601 0.2 -601 0.2 -602 0.0
12 578 583 -0.9 584 -1.0 582 -0.7 -653 -655 -0.3 -654 -0.2 -654 -0.2
13 660 664 -0.6 666 -0.9 662 -0.3 -681 -686 -0.7 -685 -0.6 -683 -0.3
14 687 689 -0.3 691 -0.6 687 0.0 -666 -669 -0.5 -670 -0.6 -667 -0.2
15 660 659 0.2 661 -0.2 659 0.2 -618 -617 0.2 -618 0.0 -617 0.2
16 r 538 534 0.7 536 0.4 536 0.4 -558 -553 0.9 -555 0.5 -556 0.4
17 384 380 1.0 381 0.8 382 0.5 -485 -479 1.2 -480 1.0 -482 0.6

MAX 2.7 MAX _.l MAX 0.9 MAX 1.2 MAX 1.5 MAX 0.7
MIN 0.1 MIN 0.0 MIN 0.0 MIN 0.0 MIN 0.0 MIN 0.0

Sensitivity Analysis (Poisson’s ratio-combined)
ORIGINAL Wxy Vyz Vxy Vxz VyzVxz

1 5 0 0  n

1000 -

5 0 0  -

cn

- 5 0 0  -

1000  -

- 1 5 0 0  J

Node numbers
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MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original VxyVyzVxz % Original VxyVyzVxz %
1 358 356 0.6 -408 -403 1.2
2 441 440 0.2 -534 -531 0.6
3 564 562 0.4 -686 -685 0.1
4 777 776 0.1 -846 -850 -0.5
5 859 864 -0.6 -864 -871 -0.8
6 927 934 -0.8 -764 -773 -1.2
7 942 943 -0.1 -684 -694 -1.5
8 877 877 0.0 -719 -726 -1.0
9 111 799 -2.8 -1075 -1078 -0.3
10 562 557 0.9 -469 -462 1.5
11 591 592 -0.2 -602 -601 0.2
12 578 585 -1.2 -653 -655 -0.3
13 660 666 -0.9 -681 -686 -0.7
14 687 690 -0.4 -666 -670 -0.6
15 660 659 0.2 -618 -618 0.0
16 538 534 0.7 -558 -553 0.9
17 384 380 1.0 -485 -479 1.2

MAX 2.8 MAX 1.2 
MIN 0.0 MIN 0.0

Sensitivity Analysis (Poisson’s ratio-combined)

ORIGINAL Vxy Vyz Vxz

1500 -1

1000  -

500

-500 -

1000  -

-1500 J

Node numbers
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MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Gxy
Gyz % Gxy

Gxz % Gyz
Gxz % Original Gxy

Gyz % Gxy
Gxz % Gyz

Gxz %

1 358 344 3.9 274 23.5 248 30.7 -408 -401 1.7 -315 22 8 -286 29.9
2 441 392 II.I 335 24.0 352 2 02 -534 -484 9.4 -402 24.7 -431 19.3
3 564 477 15.4 429 23.9 500 11.3 -686 -608 11.4 -515 24.9 -588 14.3
4 777 661 14.9 580 25.4 685 11.8 -846 -759 10.3 -646 23.6 -750 11.3
5 859 791 7.9 637 25.8 723 15.8 -864 -805 6.8 -677 21.6 -731 15.4
6 927 886 4.4 720 223 767 17.3 -764 -717 6.2 -587 2 32 -613 19.8
7 942 856 9.1 758 19.5 785 16.7 -684 -647 5.4 -526 23.1 -578 15.5
8 877 786 10.4 699 20.3 735 16.2 -719 -689 4.2 -536 25.5 -599 16.7
9 777 795 -2.3 699 lO.O 661 14.9 -1075 -1103 -2.6 -856 20.4 -911 15.3
10 562 527 6.2 427 24.0 460 18.1 -469 -426 9.2 -325 30.7 -383 18.3
11 591 534 9.6 429 27.4 499 15.6 -602 -546 9.3 -450 2 5 2 -516 14.3
12 578 550 4.8 428 26.0 467 19.2 -653 -593 9.2 -488 25.3 -540 17.3
13 660 606 8.2 495 25.0 540 18.2 -681 -640 6.0 -500 2&6 -544 20.1
14 687 617 10.2 527 23.3 582 15.3 -666 -614 7.8 -486 27.0 -541 18.8
15 660 571 13.5 516 21.8 572 13.3 -618 -552 10.7 -459 25.7 -513 17.0
16 538 472 12.3 423 21.4 454 15.6 -558 -506 9.3 -435 22.0 -452 19.0
17 384 374 2.6 300 21.9 285 25.8 -485 -466 3.9 -393 19.0 -362 25.4

MAX 15.4 MAX 27.4 MAX 30.7 MAX 1 1.4 MAX 30.7 MAX 29.9
MIN 2.3 MIN 10.0 MIN 11.3 MIN 1.7 MIN 19.0 MIN 11.3

Sensitivity Analysis (Shear moduli-combined)

ORIGINAL GxyGyz GxyGxz GyzGxz
1500

1000

500

%

-500

1000

-1500

Node numbers

342



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original GxyGyzGxz % Original GxyGyzGxz %

1 358 254 29.1 -408 -297 27.2
2 441 317 28.1 -534 -388 223
3 564 417 26.1 -686 -509 25.8
4 111 568 2&9 -846 -649 223
5 859 645 24.9 -864 -675 21.9
6 927 725 21.8 -764 -579 2 4 2
7 942 730 225 -684 -530 2 25
8 877 670 2 26 -719 -546 24.1
9 111 689 11.3 -1075 -896 16.7
10 562 417 25.8 -469 -328 30.1
11 591 434 2&6 -602 -453 24.8
12 578 433 25.1 -653 -485 25.7
13 660 492 225 -681 -502 223
14 687 519 24.5 -666 -487 26.9
15 660 497 24.7 -618 -451 27.0
16 538 404 2 4 4 -558 -417 223
17 384 287 223 -485 -368 24.1

MAX 29.1 MAX 30.1 
MIN 11.3 MIN 16.7

Sensitivity Analysis (Shear moduli-combined)

ORIGINAL GxyOyzGxz

1500 -1

1000 -

-500 -

-1000  -

-1500 J

Node numbers

343



MAXIMUM PRINCIPAL STRAIN MINIM UM  PRINCIPAL STRAIN

Nodes Original LOW % Original LOW %
1 358 270 24.6 -408 -279 31.6
2 441 323 26.8 -534 -398 25.5
3 564 422 2 52 -686 -562 18.1
4 111 626 19.4 -846 -751 11.2
5 859 706 17.8 -864 -771 10.8
6 927 764 17.6 -764 -681 10.9
7 942 802 14.9 -684 -643 6.0
8 877 759 13.5 -719 -700 2.6
9 111 627 19.3 -1075 -988 8.1
10 562 461 18.0 -469 -427 9.0
11 591 515 12.9 -602 -564 6.3
12 578 512 11.4 -653 -567 13.2
13 660 562 14.8 -681 -551 19.1
14 687 574 16.4 -666 -513 23.0
15 660 539 18.3 -618 -449 27.3
16 538 408 24.2 -558 -366 34.4
17 384 279 27.3 -485 -305 37.1

MAX 27.3 MAX 37.1 
MIN 11.4 MIN 2.6

Sensitivity Analysis (Material orientation)

ORIGINAL LOW

1500

1000

500

-500

1000

-1500

Node numbers

344



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Absence % Original Absence %
1 358 370 -3.4 -408 -426 -4.4
2 441 463 -5.0 -534 -581 -8.8
3 564 597 -5.9 -686 -740 -7.9
4 777 801 -3.1 -846 -849 -0.4
5 859 887 -3.3 -864 -795 8.0
6 927 1031 -11.2 -764 -630 17.5
7 942 1101 -16.9 -684 -556 18.7
8 877 1108 -719 -759 -5.6
9 777 1001 -28.8 -1075 -1438 -33.8
10 562 581 -3.4 -469 -468 0.2
11 591 652 -10.3 -602 -670 -11.3
12 578 568 1.7 -653 -676 -3.5
13 660 652 1.2 -681 -672 1.3
14 687 689 -0.3 -666 -646 3.0
15 660 683 -3.5 -618 -608 1.6
16 538 576 -7.1 -558 -575 -3.0
17 384 417 -8.6 -485 -524 -8.0

MAX 28.8 MAX 33.8 
MIN 0.3 MIN 0.2

Sensitivity Analysis (Absence of cancellous bone)

ORIGINAL Absence

1500

1000

500

-500

-1000

-1500

-2000

Node numbers

345



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original 0.5mm % 1mm % Original 0.5mm % 1mm %
1 358 363 -1.4 371 -3.6 -408 -402 1.5 -399 2.2

2 441 429 2.7 417 5.4 -534 -534 0.0 -530 0.7
3 564 566 -0.4 568 -0.7 -686 -685 0.1 -684 0.3
4 777 772 0.6 768 1.2 -846 -841 0.6 -836 1.2
5 859 854 0.6 850 1.0 -864 -860 0.5 -857 0.8
6 927 924 0.3 921 0.6 -764 -762 0.3 -760 0.5
7 942 939 0.3 937 0.5 -684 -682 0.3 -680 0.6
8 877 874 0.3 872 0.6 -719 -717 0.3 -714 0.7
9 111 775 0.3 773 0.5 -1075 -1072 0.3 -1069 0.6
10 562 560 0.4 558 0.7 -469 -468 0.2 -467 0.4
11 591 589 0.3 587 0.7 -602 -600 0.3 -599 0.5
12 578 576 0.3 574 0.7 -653 -650 0.5 -648 0.8
13 660 657 0.5 655 0.8 -681 -678 0.4 -675 0.9
14 687 684 0.4 682 0.7 -666 -663 0.5 -660 0.9
15 660 659 0.2 658 0.3 -618 -615 0.5 -612 1.0
16 538 545 -1.3 550 -2.2 -558 -563 -0.9 -566 -1.4
17 384 383 0.3 386 -0.5 -485 -485 0.0 -482 0.6

MAX 2.7 MAX 5.4 MAX 1.5 MAX 2.2 
MIN 0.1 MIN 0.3 MIN 0 MIN 0.3

Sensitivity Analysis (Corpus depth-thickness)

ORIGINAL 0.5mm Imm
1500

1000

500

-500

1000

-1500

Node numbers

346



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original 0.5mm % 1mm % Original 0.5mm % 1mm %

1 358 326 8.9 301 15.9 -408 -383 6.1 -363 11.0

2 441 441 0.0 447 -1.4 -534 -545 -2.1 -599 -12.2
3 564 571 -1.2 580 -2.8 -686 -687 -0.1 -688 -0.3
4 777 773 0.5 769 1.0 -846 -840 0.7 -834 1.4
5 859 855 0.5 852 0.8 -864 -862 0.2 -860 0.5
6 927 925 0.2 924 0.3 -764 -764 0.0 -763 0.1
7 942 940 0.2 939 0.3 -684 -683 0.1 -682 0.3
8 877 875 0.2 873 0.5 -719 -717 0.3 -715 0.6
9 777 775 0.3 773 0.5 -1075 -1072 0.3 -1070 0.5
10 562 560 0.4 558 0.7 -469 -468 0.2 -467 0.4
11 591 589 0.3 587 0.7 -602 -601 0.2 -599 0.5
12 578 577 0.2 575 0.5 -653 -651 0.3 -650 0.5
13 660 657 0.5 655 0.8 -681 -679 0.3 -678 0.4
14 687 684 0.4 681 0.9 -666 -664 0.3 -662 0.6
15 660 658 0.3 656 0.6 -618 -616 0.3 -614 0.6
16 538 543 -0.9 549 -2.0 -558 -564 -1.1 -569 -2.0
17 384 390 -1.6 398 -3.6 -485 -489 -0.8 -490 -1.0

MAX 8.9 MAX 15.9 MAX 6.1 MAX 11.0
MIN 0.0 MIN 0.3 MIN 0.0 MIN 0.1

Sensitivity Analysis (Corpus depth-translation)

ORIGINAL 0.5mm Imm
1500

1000

500

-500

-1000

-1500

Node numbers

347



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original 0.5mm % 1mm % Original 0.5mm % 1mm %
1 358 346 3.4 337 5.9 -408 -394 3.4 -382 6.4

2 441 453 -2.7 464 -5.2 -534 -536 -0.4 -538 -0.7
3 564 534 5.3 510 9.6 -686 -646 5.8 -613 10.6
4 777 734 5.5 699 10.0 -846 -798 5.7 -755 10.8
5 859 829 3.5 804 6.4 -864 -865 -0.1 -865 -0.1
6 927 930 -0.3 930 -0.3 -764 -769 -0.7 -774 -1.3
7 942 933 1.0 925 1.8 -684 -678 0.9 -674 1.5
8 877 865 1.4 855 2.5 -719 -709 1.4 -700 2.6
9 777 767 1.3 758 2.4 -1075 -1060 1.4 -1045 2.8
10 562 555 1.2 549 2.3 -469 -464 1.1 -459 2.1
11 591 585 1.0 580 1.9 -602 -597 0.8 -592 1.7
12 578 586 -1.4 590 -2.1 -653 -657 -0.6 -659 -0.9
13 660 658 0.3 650 1.5 -681 -657 3.5 -629 7.6
14 687 651 5.2 617 10.2 -666 -629 5.6 -593 II.O
15 660 612 7.3 570 13.6 -618 -595 3.7 -574 7.1
16 538 534 0.7 531 1.3 -558 -565 -1.3 -571 -2.3
17 384 373 2.9 364 5.2 -485 -475 2.1 -467 3.7

MAX 7.3 MAX 13.6 MAX 5.8 MAX 11 
MIN 0.3 MIN 0.3 MIN 0.1 MIN 0.1

Sensitivity Analysis (Corpus width-thickness)

ORIGINAL 0.5mm Imm
1500

1000

500

-500

1000

-1500

Node numbers

348



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original 0.5mm % 1mm % Original 0.5mm % Imm %
1 358 349 2.5 343 4.2 -408 -396 2.9 -388 4.9
2 441 463 -5.0 485 -lO.O -534 -544 -1.9 -553 -3.6
3 564 527 6.6 503 10.8 -686 -628 8.5 -577 15.9
4 777 748 3.7 725 6.7 -846 -834 1.4 -821 3.0
5 859 863 -0.5 884 -2.9 -864 -894 -3.5 -933 -8.0
6 927 942 -1.6 963 -3.9 -764 -770 -0.8 -778 -1.8
7 942 935 0.7 930 1.3 -684 -679 0.7 -673 1.6
8 877 869 0.9 862 1.7 -719 -712 1.0 -706 1.8
9 777 768 1.2 759 2.3 -1075 -1060 1.4 -1046 2.7
10 562 555 1.2 549 2.3 -469 -464 1.1 -459 2.1
11 591 585 I.O 580 1.9 -602 -599 0.5 -598 0.7
12 578 587 -1.6 593 -2.6 -653 -665 -1.8 -675 -3.4
13 660 666 -0.9 662 -0.3 -681 -656 3.7 -629 7.6
14 687 654 4.8 609 II.4 -666 -626 6.0 -576 13.5
15 660 604 8.5 557 15.6 -618 -592 4.2 -570 7.8
16 538 537 0.2 537 0.2 -558 -570 -2.2 -584 -4.7
17 384 374 2.6 366 4.7 -485 -477 1.6 -473 2.5

MAX 8.5 MAX 15.6 MAX 8.5 MAX 15.9
MIN 0.2 MIN 0.2 MIN 0.5 MIN 0.7

Sensitivity Analysis (Corpus width-translation)

1500 ORIGINAL 0.5mm Imm

1000

500

-500

1000

-1500

Node numbers

349



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN
Nodes Original E (25%) % E (50%) % Original E (25%) % E (50%) %

1 358 345 -3.6 343 -4.2 -408 -388 -4.9 -389 -4.7
2 441 437 -0.9 438 -0.7 -534 -512 -4.1 -513 -3.9
3 564 584 3.5 585 3.7 -686 -670 -2.3 -672 -2.0
4 777 797 2.6 798 2.7 -846 -834 -1.4 -830 -1.9
5 859 874 1.7 873 1.6 -864 -850 -1.6 -845 -2.2
6 927 930 0.3 933 0.6 -764 -760 -0.5 -758 -0.8
7 942 943 0.1 944 0.2 -684 -660 -3.5 -658 -3.8
8 877 878 0.1 879 0.2 -719 -685 -4.7 -689 -4.2
9 777 775 -0.3 780 0.4 -1075 -1050 -2.3 -1049 -2.4
10 562 560 -0.4 560 -0.4 -469 -470 0.2 -471 0.4
11 591 590 -0.2 595 0.7 -602 -590 -2.0 -588 -2.3
12 578 567 -1.9 562 -2.8 -653 -645 -1.2 -644 -1.4
13 660 659 -0.2 652 -1.2 -681 -689 1.2 -687 0.9
14 687 690 0.4 694 1.0 -666 -689 3.5 -690 3.6
15 660 660 0.0 664 0.6 -618 -624 1.0 -625 1.1
16 538 540 0.4 540 0.4 -558 -558 0.0 -554 -0.7
17 384 390 1.6 392 2.1 -485 -478 -1.4 -473 -2.5

MAX 3.6 MAX 4.2 MAX 4.9 MAX 4.7
MIN 0.1 MIN 0.1 MIN 0 .0 MIN 0.4

Sensitivity Analysis (Elastic moduli - single)
S e m i c i r c u l a r  B r i d g e  B e a m

Original E (25%) E (50%)
1500

1000 o o
500

!»

-500

-1000

-1500

Node numbers

350



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN
Nodes O rig in al V (25%) % V (50%) % O rig in al % V (50%) %

1 358 357 -0.3 358 0.0 -408 -407 -0.2 -407 -0.2
2 441 440 -0.2 441 0.0 -534 -534 0.0 -534 0.0
3 564 564 0.0 565 0.2 -686 -687 0.1 -688 0.3
4 777 777 0.0 777 0.0 -846 -850 0.5 -850 0.5
5 859 858 -0.1 858 -0.1 -864 -864 0.0 -866 0.2
6 927 929 0.2 931 0.4 -764 -766 0.3 -766 0.3
7 942 944 0.2 945 0.3 -684 -689 0.7 -689 0.7
8 877 878 0.1 879 0.2 -719 -719 0.0 -720 0.1
9 777 780 0.4 788 1.4 -1075 -1076 0.1 -1077 0.2
10 562 560 -0.4 560 -0.4 -469 -469 0.0 -468 -0.2
11 591 591 0.0 590 -0.2 -602 -601 -0.2 -601 -0.2
12 578 579 0.2 580 0.3 -653 -653 0.0 -654 0.2
13 660 662 0.3 662 0.3 -681 -682 0.1 -683 0.3
14 687 688 0.1 688 0.1 -666 -667 0.2 -667 0.2
15 660 660 0.0 658 -0.3 -618 -619 0.2 -620 0.3
16 538 537 -0.2 537 -0.2 -558 -557 -0.2 -557 -0.2
17 384 381 -0.8 380 -1.0 -485 -483 -0.4 -482 -0.6

MAX 0.8 MAX 1.4 MAX 0.7 MAX 0.7
MIN 0.0 MIN 0.0 MIN 0.0 MIN 0.0

Sensitivity Analysis (Poisson’s ratio-single)
Semicircular Bridge Beam

Original V (25%) V (50%)
1500

1000

500

-500

-1000

-1500

Node numbers

351



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN
Nodes Original G (25%) % G (50%) % Original G (25%) % G (50%) %

1 358 362 1.1 364 1.7 -408 -411 0.7 -418 2.5
2 441 439 -0.5 438 -0.7 -534 -547 2.4 -549 2.8
3 564 569 0.9 573 1.6 -686 -674 -1.7 -670 -2.3
4 777 750 -3.5 745 -4.1 -846 -822 -28 -801 -5.3
5 859 839 -2.3 833 -3.0 -864 -859 -0.6 -859 -0.6
6 927 920 -0.8 912 -1.6 -764 -758 -0.8 -751 -1.7
7 942 930 -1.3 920 -2.3 -684 -667 -2.5 -662 -3.2
8 877 865 -1.4 862 -1.7 -719 -691 -3.9 -682 -5.1
9 777 796 2.4 799 2.8 -1075 -1069 -0.6 -1062 -1.2
10 562 555 -1.2 552 -1.8 -469 -445 -5.1 -442 -5^
11 591 583 -1.4 581 -1.7 -602 -592 -1.7 -592 -1.7
12 578 567 -1.9 561 -2.9 -653 -647 -0.9 -647 -0.9
13 660 651 -1.4 649 -1.7 -681 -679 -0.3 -674 -1.0
14 687 676 -1.6 673 -2.0 -666 -656 -1.5 -646 -3.0
15 660 657 -0.5 652 -1.2 -618 -612 -1.0 -601 -28
16 538 530 -1.5 529 -1.7 -558 -557 -0.2 -550 -1.4
17 384 388 1.0 390 1.6 -485 -491 1.2 -495 2.1

MAX 3.5 MAX 4.1 MAX 5.1 MAX 5.8
MIN 0.5 MIN 0.7 MIN 0.2 MIN 0.6

Sensitivity Analysis (Shear moduli - single) 
S e m i c i r c u l a r  B r i d g e  B e a m

Original G (25%) G (50%)
1 5 0 0  -1

1000  -

500

-1000  -

- 1 5 0 0  J

Node numbers

352



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Changed % Original Changed %
1 358 350 2.2 -408 -390 4.4
2 441 440 0.2 -534 -500 6.4
3 564 580 -2.8 -686 -666 2.9
4 777 799 -2.8 -846 -827 2.2
5 859 874 -1.7 -864 -831 3.8
6 927 1020 -10.0 -764 -728 4.7
7 942 950 -0.8 -684 -637 6.9
8 877 889 -1.4 -719 -670 6.8
9 777 731 5.9 -1075 -1050 2.3

10 562 567 -0.9 -469 -480 -2.3
11 591 595 -0.7 -602 -570 5.3
12 578 567 1.9 -653 -644 1.4
13 660 658 0.3 -681 -688 -1.0
14 687 700 -1.9 -666 -680 -2.1
15 660 660 0.0 -618 -692 -12.0
16 538 535 0.6 -558 -557 0.2
17 384 380 1.0 -485 -472 2.7

MAX 10.0 MAX 12.0 
MIN 0.0 MIN 0.2

Sensitivity Analysis 
(Absence of posterior temporalis)

Original Modified
1500

1000

500

-500

-1000

-1500

Node numbers

353



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Changed % Original Changed %
1 358 250 3&2 -408 -290 2&9
2 441 350 20.6 -534 -440 17.6
3 564 500 11.3 -686 -600 12.5
4 777 600 2Z8 -846 -820 3.1
5 859 760 11.5 -864 -760 12.0
6 927 800 13.7 -764 -660 13.6
7 942 800 15.1 -684 -560 18.1
8 877 660 24.7 -719 -600 16.6
9 777 567 27.0 -1075 -1009 6.1

10 562 440 21.7 -469 -390 16.8
11 591 432 26.9 -602 -520 13.6
12 578 439 24.0 -653 -600 8.1
13 660 450 31.8 -681 -540 20.7
14 687 555 19.2 -666 -610 8.4
15 660 455 31.1 -618 -550 11.0
16 538 400 25.7 -558 -520 6.8
17 384 290 24.5 -485 -430 11.3

MAX 31.8 MAX 20.7 
MIN II.3 MIN 3.1

Sensitivity Analysis 
(Absence of middle temporalis)

O riginal Modified

1500

1000

500

CA

-500

1000

-1500

Node numbers

354



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Changed % Original Changed %
1 358 250 30.2 -408 -390 4.4
2 441 280 36.5 -534 -510 4.5
3 564 450 20.2 -686 -700 -2.0
4 777 600 22.8 -846 -810 4.3
5 859 660 2L2 -864 -822 4.9
6 927 850 8.3 -764 -754 1.3
7 942 800 15.1 -684 -647 5.4
8 877 660 24.7 -719 -678 5.7
9 777 567 27.0 -1075 -1069 0.6

10 562 440 21.7 -469 -459 2.1
11 591 333 43.7 -602 -587 2.5
12 578 332 42.6 -653 -649 0.6
13 660 310 53.0 -681 -689 -1.2
14 687 335 51.2 -666 -675 -1.4
15 660 310 53.0 -618 -687 -11.2
16 538 298 44.6 -558 -550 1.4
17 384 288 25.0 -485 -495 -2.1

MAX 44.6 MAX 11.2 
MIN 8.3 MIN 0.6

Sensitivity Analysis 
(Absence of anterior temporalis)

Original Modified

1500

1000

500

-500

1000

-1500

Node numbers

355



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Changed % Original Changed %
1 358 165 514 -408 -389 4.7
2 441 299 3Z2 -534 -449 15.9
3 564 570 -1.1 -686 -678 1.2
4 111 800 -3.0 -846 -820 3.1
5 859 920 -7.1 -864 -760 12.0
6 927 940 -1.4 -764 -668 12.6
7 942 920 2.3 -684 -458 33.0
8 877 925 -5.5 -719 -500 30.5
9 111 809 -4.1 -1075 -1002 6.8

10 562 580 -3.2 -469 -335 2 1 6
11 591 671 -13.5 -602 -589 2.2
12 578 660 -14.2 -653 -640 2.0
13 660 680 -3.0 -681 -589 13.5
14 687 720 -4.8 -666 -610 8.4
15 660 710 -7.6 -618 -550 11.0
16 538 610 -13.4 -558 -530 5.0
17 384 420 -9.4 -485 -400 17.5

MAX 53.9 MAX 33.0 
MIN 1.1 MIN 2.0

Sensitivity Analysis 
(Absence of superficial masseter)

Original Modified

1500

1000

500

-500

1000

-1500

Node numbers

356



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Changed % Original Changed %
1 358 340 5.0 -408 -380 6.9
2 441 440 0.2 -534 -530 0.7
3 564 550 2.5 -686 -678 1.2
4 777 750 3.5 -846 -820 3.1
5 859 850 1.0 -864 -770 10.9
6 927 900 2.9 -764 -689 9.8
7 942 920 2.3 -684 -579 15.4
8 877 869 0.9 -719 -667 7.2
9 777 755 2.8 -1075 -999 7.1

10 562 549 2.3 -469 -403 14.1
11 591 586 0.8 -602 -589 2.2
12 578 569 1.6 -653 -640 2.0
13 660 653 1.1 -681 -589 13.5
14 687 675 1.7 -666 -610 8.4
15 660 651 1.4 -618 -604 2.3
16 538 529 1.7 -558 -540 3.2
17 384 365 4.9 -485 -420 13.4

MAX 4.9 MAX 15.4 
MIN 0.2 MIN 0.7

Sensitivity Analysis 
(Absence of deep masseter)

Original Modified

500

1000

500

-500

1000

-1500

Node numbers

357



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Changed % Original Changed %
1 358 370 -3.4 -408 -433 -6.1
2 441 472 -7.0 -534 -574 -7.5
3 564 603 -6.9 -686 -704 -2.6
4 777 820 -5.5 -846 -856 -1.2
5 859 902 -5.0 -864 -920 -6.5
6 927 954 -2.9 -764 -776 -1.6
7 942 1003 -6.5 -684 -730 -6.7
8 877 881 -0.5 -719 -743 -3.3
9 777 830 -6.8 -1075 -1123 -4.5

10 562 579 -3.0 -469 -451 3.8
11 591 640 -8.3 -602 -634 -5.3
12 578 589 -1.9 -653 -715 -9.5
13 660 720 -9.1 -681 -723 -6.2
14 687 730 -6.3 -666 -689 -3.5
15 660 680 -3.0 -618 -630 -1.9
16 538 547 -1.7 -558 -580 -3.9
17 384 392 -2.1 -485 -517 -6.6

MAX 9.1 MAX 9.5 
MIN 0.5 MIN 1.2

Sensitivity Analysis 
(Absence of medial pterrygoid)

Original Modified

1500

1000

500

-500

-1000

-1500

Node numbers

358



MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Changed % Original Changed %
1 358 330 7.8 -408 -378 7.4
2 441 389 11.8 -534 -487 8.8
3 564 457 19.0 -686 -626 8.7
4 777 706 9.1 -846 -789 6.7
5 859 789 8.1 -864 -809 6.4
6 927 876 5.5 -764 -703 8.0
7 942 898 4.7 -684 -621 9.2
8 877 845 3.6 -719 -677 5.8
9 777 763 1.8 -1075 -995 7.4

10 562 554 1.4 -469 -430 8.3
11 591 572 3.2 -602 -550 8.6
12 578 549 5.0 -653 -582 10.9
13 660 607 8.0 -681 -620 9.0
14 687 660 3.9 -666 -608 8.7
15 660 619 6.2 -618 -552 10.7
16 538 479 11.0 -558 -540 3.2
17 384 339 11.7 -485 -434 10.5

MAX 19.0 MAX 10.9 
MIN 1.4 MIN 3.2

Sensitivity Analysis 
(Absence of superior lateral pterrygoid)

Original Modified

1500

1000

500

-500

1000

-1500
Node numbers
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MAXIMUM PRINCIPAL STRAIN MINIMUM PRINCIPAL STRAIN

Nodes Original Changed % Original Changed %
1 358 317 11.5 -408 -377 7.6
2 441 410 7.0 -534 -444 16.9
3 564 500 11.3 -686 -556 19.0
4 777 667 14.2 -846 -709 16.2
5 859 810 5.7 -864 -706 18.3
6 927 823 11.2 -764 -703 8.0
7 942 887 5.8 -684 -601 12.1
8 877 797 9.1 -719 -677 5.8
9 777 680 12.5 -1075 -995 7.4

10 562 541 3.7 -469 -433 7.7
11 591 511 13.5 -602 -540 10.3
12 578 521 9.9 -653 -556 14.9
13 660 541 18.0 -681 -610 10.4
14 687 555 19.2 -666 -543 18.5
15 660 612 7.3 -618 -509 17.6
16 538 508 5.6 -558 -510 8.6
17 384 311 19.0 -485 -393 19.0

MAX 19.2 MAX 19.0 
MIN 3.7 MIN 5.8

Sensitivity Analysis 
(Absence of inferior lateral pterrygoid)

Original Modified

1500

1000

500

-500

-1000

-1500

Node numbers
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M A X IM U M  P R IN C IP A L  S T R A IN M IN IM U M  P R IN C IP A L  S T R A IN

N odes O rig inal 5° % 10° % 5° % 10° %
1 358 338 5.6 334 6.7 -386 5.4 -383 6.1
2 441 416 5.7 411 6.8 -505 5.4 -501 6.2
3 564 531 5.9 524 7.1 -649 5.4 -643 6.3
4 1 1 1 733 5.7 725 6.7 -801 5.3 -794 6.1
5 859 812 5.5 804 6.4 -818 5.3 -811 6.1
6 927 876 5.5 867 6.5 -723 5.4 -717 6.2
7 942 889 5.6 879 6.7 -647 5.4 -642 6.1
8 877 826 5.8 815 7.1 -680 5.4 -673 6.4
9 1 1 1 730 6.0 719 7.5 -1013 5.8 -999 7.1
10 562 528 6.0 520 7.5 -440 6.2 -432 7.9
11 591 553 6.4 543 8.1 -563 6.5 -551 8.5
12 578 540 6.6 528 8.7 -610 6.6 -597 8.6
13 660 617 6.5 605 8.3 -637 6.5 -624 8.4
14 687 644 6.3 632 8.0 -624 6.3 -612 8.1
15 660 619 6.2 609 7.7 -579 6.3 -569 7.9
16 538 505 6.1 496 7.8 -524 6.1 -516 7.5
17 384 361 6.0 356 7.3 -457 5.8 -451 7.0

MAX 6.6 MAX 8.7 MAX 6.6 MAX 8.6 
MIN 5.5 M IN 6.4 MIN 5.3 MIN 6.1

Sensitivity A nalysis (L oad  directions)

Original1500 1

1000 -

500 -

-500 -

-1000  -

-1500 J

N ode N um ber
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MAXIMIUM PRINCIPAL MINIMUM PRINCIPAL

Nodes Original Rigid % Original Rigid %
1 358 348 2.8 -408 -388 4.9
2 441 441 0.0 -534 -540 -1.1
3 564 535 5.1 -686 -696 -1.5
4 777 718 7.6 -846 -854 -0.9
5 859 789 8.1 -864 -875 -1.3
6 927 827 10.8 -764 -771 -0.9
7 942 804 14.6 -684 -686 -0.3
8 877 694 20.9 -719 -693 3.6
9 777 554 2 8 J -1075 -836 2Z2
10 562 460 18.1 -469 -388 17.3
11 591 529 10.5 -602 -521 13.5
12 578 546 5.5 -653 -588 10.0
13 660 623 5.6 -681 -625 8.2
14 687 659 4.1 -666 -614 7.8
15 660 640 3.0 -618 -564 8.7
16 538 521 3.2 -558 -499 10.6
17 384 363 5.5 -485 -431 11.1

MAX 28.7 m a x  22.2 
MIN 0.0 MIN 0.3

Sensitivity Analysis 
(Absence of alveolar restraints)

Original —à — Rigid
1500 1

1000 -

-1000  -

-1500

Node number
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MAXIMIUM PRINCIPAL MINIMUM PRINCIPAL

Nodes Original Modified % Original Modified %
1 358 339 5.3 -408 -370 9.3
2 441 435 1.4 -534 -520 2.6
3 564 497 11.9 -686 -610 11.1
4 777 766 1.4 -846 -799 5.6
5 859 800 6.9 -864 -829 4.1
6 927 902 2.7 -764 -729 4.6
7 942 870 7.6 -684 -633 7.5
8 877 790 9.9 -719 -693 3.6
9 111 712 8.4 -1075 -987 8.2
10 562 550 2.1 -469 -437 6.8
11 591 529 10.5 -602 -588 2.3
12 578 544 5.9 -653 -633 3.1
13 660 633 4.1 -681 -620 9.0
14 687 643 6.4 -666 -633 5.0
15 660 633 4.1 -618 -588 4.9
16 538 523 2.8 -558 -522 6.5
17 384 348 9.4 -485 -465 4.1

MAX 11.9 MAX 11.1 
MIN 1.4 MIN 2.3

Sensitivity Analysis 
(R estraints-m andibular canal)

Original Modified
1 5 0 0

.5 1000 
2
I 5 0 0u
§

- 5 0 0

1000

- 1 5 0 0

Node num ber
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MAXIMIUM PRINCIPAL MINIMUM PRINCIPAL

Nodes Original Modified % Original Modified %
1 358 410 -14.5 -408 -323 20.8
2 441 523 -18.6 -534 -502 6.0
3 564 620 -9.9 -686 -620 9.6
4 777 810 -4.2 -846 -722 14.7
5 859 988 -15.0 -864 -677 21.6
6 927 987 -6.5 -764 -688 9.9
7 942 990 -5.1 -684 -612 10.5
8 877 995 -13.5 -719 -689 4.2
9 777 789 -1.5 -1075 -879 18.2
10 562 612 -8.9 -469 -404 13.9
11 591 629 -6.4 -602 -555 7.8
12 578 620 -7.3 -653 -610.0 6.6
13 660 690 -4.5 -681 -660 3.1
14 687 710 -3.3 -666 -633 5.0
15 660 689 -4.4 -618 -577 6.6
16 538 555 -3.2 -558 -530 5.0
17 384 420 -9.4 -485 -467 3.7

MAX 18.6 m a x  21.6
MIN 0.0 MIN 0.3

Sensitivity Analysis 
(Restraints-premolar region)

Original Modified
1 5 0 0

1000

5 0 0

- 5 0 0

1000

- 1 5 0 0

Node number
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APPENDIX (IV)

TEMPOROMANDIBULAR JOINT

The temporomandibular joint was modelled as a two-layered ‘cap’ where the first 

cap consisted of the combined thickness of the condylar, articular and temporal 

fibrocartilage, and the second cap of the temporal cortical bone. This allowed for analysis 

of stress distribution on the two condyles while accounting for the buffering effect of the 

articular disk against the relatively rigid temporal bone (Figure 6). Three-dimensional 

restraints were placed bilaterally at the endosteal surfaces of the temporal bones. These 

restraints imitated static mandibular movement with fixation of the mandibular apparatus 

at the cranium. To study the effects of various restraint conditions on the performance of 

the finite element model, the three-dimensional constraints applied bilaterally at the 

endosteal surfaces of the temporal bones were gradually shifted inferiorly to be situated at 

the level of the mandibular canal, mandibular angle or premolar region (pages 362-364, 

Appendix III). Further, the restraints at the alveolar crest anteriorly were gradually shifted 

posteriorly to be situated at the premolar and molar regions.

To analyse the biomechanical reactions at the TMJ, when the jaw was at 

maximum opening, 10 nodes on a coronal section of the upper surface of the right 

condyle were evaluated (Figure 6). The nodes were categorized into five groups. The 

centre of the TMJ was set half way between the medial and lateral poles of the condyle. 

The three nodes which included the origin were labelled middle nodes, the four anterior 

nodes anterior, the four posterior nodes posterior, the four medial nodes medial and the 

four lateral nodes were labelled lateral nodes (Figure 6). The stresses derived by the finite 

element analysis are the maximum principal stress, the median principal stress and the 

minimum principal stress (abbreviated Si, S2 and S3 , respectively). To analyse the 

stresses, the normal stress Snorm was calculated fi*om the three principal stresses. The 

relationship between the three types of principal stress and normal stress can be described 

by the following equation:

Snorm =  S i  +  S2 + S 3 /  3
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(A)
(B) (C)

Ê
V

Temporal cortical bone -4
Fibrocartilage f -► Articular layer (disc) 

Cortical bone

Posterior

Latera Medial

Anterior

Figure 6. (A) Finite element model of the human mandible. (B) A hidden line view of the discretized element mesh of the right corpus including 
the temporomandibular joint. (C) Coronal cross section of the upper surface of the right condyle. To analyse the biomechanical reactions at the 
TMJ, 10 nodes were evaluated. The nodes were categorized into five groups. The three nodes which included the origin were labelled middle 
nodes, the four anterior nodes were labelled anterior, the four posterior nodes were labelled posterior, the four medial nodes were labelled medial 
and the four lateral nodes were labelled lateral nodes. The figure also displays stress-line contours on the upper surface of the right condyle 
during jaw opening.
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Component Anterior
(Mean ± 2SD) 

(KPa)

Middle
(Mean ± 2SD) 

(KPa)

Posterior 
(Mean ± 2SD) 

(KPa)

Lateral
(Mean ± 2SD) 

(KPa)

Medial 
(Mean ± 2SD) 

(KPa)

Restraints placed at the TMJ

Condyle -0.92 ± 0.02 -3.39 ±0.12 -3.28 ± 0.09 -2.65 ±0.13 -1.21 ±0.11

Articular 
layer (disc)

-0.83 ± 0.08 -3.42 ±0.08 -3.33 ±0.71 -2.92 ±0.11 -1.13 ±0.43

Glenoid
fossa
(temporal
bone)

0.44 ±0.13 2.61 ±0.16 0.53 ± 0.04 1.81 ±0.06 0.72 ± 0.02

Restraints placed at the mandibular cana level

Condyle 2.80 ±0.13 3.66 ±0.11 2.29 ±0.12 3.34 ±0.43 3.33 ±0.22

Articular 
layer (disc)

1.98 ±0.18 3.99 ±0.89 3.76 ± 0.77 3.72 ±0.67 2.73 ± 0.66

Glenoid
fossa
(temporal
bone)

3.48 ± 0.76 3.31 ±0.65 2.53 ± 0.22 2.89 ±0.12 2.09 ± 0.32

Restraints placed at the premolar region

Condyle 3.62 ± 0.66 3.77 ± 0.92 4.28 ± 0.89 4.65 ± 0.96 2.21 ±0.87

Articular 
layer (disc)

2.93 ±0.91 3.95 ± 0.99 4.03 ± 0.84 3.81 ±0.88 2.11 ±0.88

Glenoid
fossa
(temporal
bone)

2.35 ±0.88 3.69 ±0.88 2.93 ± 0.97 2.81 ±0.97 1.72 ±0.87

Figure 9. Normal stress distributions and values at each node o f the right 
temporomandibular j oint.
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Component Anterior 
(Mean ± 2SD) 

(KPa)

Middle
(Mean ± 2SD) 

(KPa)

Posterior 
(Mean ± 2SD) 

(KPa)

Lateral
(Mean ± 2SD) 

(KPa)

Medial
(Mean ± 2SD) 

(KPa)

Restraints placed at the TMJ

Condyle -0.81 ±0.03 -3.19±0.11 -3.28 ±0.11 -2.81 ±0.13 -1.11 ±0.21

Articular 
layer (disc)

-0.75 ± 0.10 -3.21 ±0.10 -3.24 ±0.51 -2.82 ±0.12 -1.09 ±0.31

Glenoid
fossa
(temporal
bone)

0.41 ± 0.22 2.45 ± 0.28 0.49 ±0.14 1.79 ±0.16 0.69 ±0.12

Restraints placed at the mandibular cana level

Condyle 2.81 ±0.23 3.39 ±0.11 2.39 ± 0.24 3.29 ±0.16 3.29 ±0.12

Articular 
layer (disc)

1.79 ±0.21 3.85 ±0.19 3.68 ± 0.24 3.49 ±0.37 2.77 ± 0.26

Glenoid
fossa
(temporal
bone)

3.39 ±0.83 3.27 ±0.63 2.48 ± 0.62 2.79 ± 0.36 2.08 ± 0.08

Restraints placed at the premolar region

Condyle 3.51 ±0.11 3.66 ± 0.86 4.19 ±0.77 4.65 ± 0.73 2.26 ±0.71

Articular 
layer (disc)

2.22 ± 0.37 3.78 ± 0.77 4.11 ±0.64 3.70 ±0.69 2.12 ±0.65

Glenoid
fossa
(temporal
bone)

2.35 ± 0.88 3.69 ±0.88 2.93 ± 0.97 2.81 ±0.97 1.72 ±0.87

Table 10. Normal stress distributions and values at each node o f the left 
temporomandibular joint.
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